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ABSTRACT 
Fungal and oomycete diseases can cause severe yield losses on soybean. These losses are 
typically managed by planting resistant cultivars, utilizing good cultural practices, and applying 
fungicides. However, because these methods rarely achieve complete control and demand is 
increasing for more environmentally-friendly management options, more research has focused 
on using biological control agents (BCA) to supplement conventional methods. One BCA that 
has shown biological control against various plant pathogens is Lysobacter enzymogenes C3 
(LeC3), an ubiquitous bacterium that secretes numerous novel antimicrobials relevant to human 
drug therapies and crop protection. We first used in vitro assays to establish LeC3’s efficacy 
against the following soybean-pathogenic fungi and oomycetes: Cercospora sojina, Fusarium 
virguliforme, Macrophomina phaseolina, Phytophthora sojae, Pythium sylvaticum, Rhizoctonia 
solani, Septoria glycines, and Sclerotinia sclerotiorum. Our experiments confirmed previous 
reports that antagonism arises from a broad spectrum of inhibition activities. Next, we evaluated 
LeC3 as a biological control agent on soybean hosts. We first used a test tube assay to evaluate 
LeC3 by seed treatment against seedling root pathogens: F. virguliforme, P. sojae, P. sylvaticum, 
and R. solani. We also utilized a detached leaf assay to evaluate LeC3 by spray treatment against 
foliar and stem pathogens C. sojina and S. sclerotiorum, respectively. We next evaluated 
biological control in greenhouse conditions using LeC3 as seed or soil drench treatments against 
sudden death syndrome (caused by F. virguliforme) and seedling blight and root rot (caused by R. 
solani); and spray treatment against frogeye leaf spot (caused by C. sojina) and white mold/stem 
rot (caused by S. sclerotiorum). Our findings showed successful biological control against 
several soybean diseases. 
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CHAPTER 1 
LITERATURE REVIEW  
1.1 Importance of Soybean 
 Soybean (Glycine max) ranks second as the United States’ most-planted crop. In 2013, 
U.S. farmers produced over 65.3 million metric tons valued at $43 billion (“SoyStats 2013,” 
2013). Rich in protein and oil concentration, this crop comprises half of the world's oilseed 
production and two-thirds of the world's feedstock (“Oil World, 2010,” 2010, “Oilseeds 
market summary, Food Outlook,Food and Agriculture Organisation,” 2011, “Major Crops 
Grown in the United States,” 2013). Soybeans contain all nine essential amino acids, digest 
easily, and offer desirable characteristics as an emulsifier and food texturizer (Sloan, 2012). 
In addition, soybean oil makes up 70% of Americans’ fats and oils intake; and soybean 
protein contributes significantly to produce the 44 kilograms of beef and 122 kilograms of 
meat consumed per person yearly (“SoyStats 2013,” 2013). In crop production, soybean is 
frequently rotated with the United States’ largest crop, corn (“USDA Economic Research 
Service - Corn”; Fields, 2004). Other surges in soybean production stem from subsidies 
envisioned to ensure stable food supply and the American farm economy-- as well as 
numerous commercial and crop insurance interests that incentivize adequate supply of 
soybean (Wallinga et al., 2009; Jackson et al., 2009; Franck et al., 2013).  
Despite increasing yield efficiencies using modern technologies, soybean can face 
crippling losses due to fungal diseases. In 2007, diseases from eight prominent soybean 
pathogens, Septoria glycines, Macrophomina phaseolina, Cercospora sojina, Phytophthora 
sojae, Rhizoctonia solani, Sclerotinia sclerotiorum, Pythium spp., and Fusarium 
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virguliforme- inflicted an estimated 5.1% yield loss, valued at $1.4 billion in the United 
States (Koenning and Wrather, 2010).  
1.2 Soybean Diseases 
Most of the following common soybean pathogens belong to the Kingdom Fungi, 
subkingdom “higher fungi” Dikarya. They belong in two phyla: Ascomycota (Septoria glycines, 
Cercospora sojina, Sclerotinia sclerotiorum, Macrophomina phaseolina, and Fusarium 
virguliforme) and Basidiomycota (Rhizoctonia solani). They all contain vegetative mycelia 
walled by chitin and β-1,3-glucan and possess haploid nuclei (Agrios, 2005), but may differ in 
dissemination voracity (fecundity), time from infection to reproduction (latency), and 
reproductive cycle (asexual or sexual) (Oliver and Hewitt, 2014). Most of the foliar pathogens 
are highly fecund and have short latent periods, producing large quantities of genetically-diverse 
asexual conidia through multiple disease cycles. Sexual reproduction (Sclerotinia sclerotiorum) 
also contributes to genetic variability.  
The second class of common soybean pathogens belongs to the Kingdom Chromalveolata 
(formerly Stramenopila), Phylum Heterokontophyta, and Class Oomycetes. They possess 
different vegetative structures: diploid nuclei and hyphae walled by β-1,3-glucan  and cellulose. 
Unlike the Dikarya species mentioned above, oomycetes typically reproduce sexually as part of 
their life cycle, forming hardy, overwintering oospores from male antheridia and female oogonia 
(Agrios, 2005). These oospores are highly fecund, giving rise to sporangia that release large 
numbers of motile, genetically-diverse asexual zoospores. Together, these traits: sexual 
reproduction and mass asexual dispersal, lend to high genetic flexibility in Oomycetes (Caten 
and Jinks, 1968).  
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In sum, fungi and oomycetes exert pathogenicity via various biological factors: high 
fecundity, short disease latency, and sexual reproduction that increase genetic flexibility. These 
factors often vary with host substrate. Foliar pathogens tend to possess high fecundity and short 
latency in an aerial environment, promoting fast and wide dissemination. Root pathogens, 
typically confined to soil, may rely on high fecundity to infect multiple roots (Oliver and Hewitt, 
2014). Both may sexually reproduce, further promoting genetic variation. Their potential to 
inflict major disease epidemics may precipitate given favorable environments. The economic 
importance, biology, and management of various soybean fungal and oomycete pathogens will 
be briefly described below.  
1.2.1 Foliar fungal pathogens  
Septoria glycines causes brown spot, a cooler-region disease, by infecting soybean leaves 
and causing premature defoliation and subsequent loss of photosynthetic capacity. In 2007, 
brown spot reduced yield by about 250,378 metric tons, or 0.4% of total U.S. soybean yield 
(Copper, 1989; Folman et al., 2003; Ash, 2007; Koenning and Wrather, 2010). Generally, 
however, its yield-reduction capabilities are variable and depend on temperature and rainfall 
(Copper, 1989).  
The fungus, an Ascomycete necrotroph, forms pycnidia that overwinter and disperse 
thousands of eyelash-shaped conidia from lower to upper foliage via splashing rain (Mirza and 
Ahmad, 2002). Conidia germinate into hyphae, which infect through stomata, traversing 
intercellularly, and producing pycnidia to mount multiple infection cycles (MacNeill and 
Zalasky, 2011).  
To manage brown spot, growers can terminate overwintering pycnidia using tillage and 
rotation (Pedersen, 1992). Although S. glycines is not typically labeled as a primary fungicide 
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target, it has shown susceptibility to the quinone outside inhibitor class of fungicides (Cruz, 
2008).  
Cercospora sojina causes frogeye leaf spot, which reduces yield by defoliating hosts and 
reducing photosynthetic capacity. It consistently inflicts significant losses in high-moisture, 
warm geographies like Nigeria and the southern United States, where losses of 60% and 30%, 
respectively, have been recorded (Hartwig, 1990; Dashiell and Akem, 1991; Mian et al., 1998, 
2008; Grau et al., 2004)).  
Similar to S. glycines, infection initiates when asexual conidia germinate on moist leaf 
surfaces and enter stomata. There, the fungi can release cercosporin toxin that damages cells and 
facilitates nutrient release into intercellular spaces (Daub and Briggs, 1983). The pathogen 
overwinters in dead tissue, posing a significant risk factor in no-till management schemes (Grau 
et al., 1987). 
Growers prevent disease by burying infested residues and tilling, rotating with non-
soybean crops, planting resistant soybean cultivars, and spraying foliar fungicides (Philips, 
1999). Unfortunately, these practices face the threat of virulent races and development of 
fungicide resistance (Mian et al., 1998; Zhang et al., 2012).  
1.2.2 Stem fungal pathogens 
Sclerotinia sclerotiorum causes Sclerotinia stem rot (a.k.a. white mold), characterized by 
white mycelia and sclerotia colonizing the stems of a wide host range. In the cool-weather year 
2004, white mold reduced soybean yield by 1.6 million metric tons, valued at $343.8 million 
(Ash, 2007; Koenning and Wrather, 2010). This pathogen can also contaminate harvested seed 
with sclerotia. 
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Cool and moist conditions resulting from canopy closure favor production of ascospore-
releasing apothecia from overwintering sclerotia to colonize flowers. During initial infection, 
germinating ascospores exhibit biotrophy by suppressing plant defenses to colonize plant parts 
(Williams et al., 2011) and then necrotrophy, killing soybean tissue with oxalic acid secretion 
(Cessna et al., 2000).  
Despite the difficulties in eradicating long-lasting sclerotia, chisel tillage has been found 
to unearth sclerotia and eventually crack and decompose them via exposure to frequent wet/dry 
cycles (Williams and Western, 1965; Adams, 1979). Other methods may include cultivar 
selection, which may provide partial resistance (Hoffman et al., 2002); crop rotation with corn or 
small grains to reduce sclerotia number (Garza et al., 2002; Mueller et al., 2002c); recommended 
row spacing to discourage a disease-conducive microenvironment (Hoes and Huang, 2009; 
Peltier et al., 2012); reduction of weeds and alternative hosts (Duvnjak); partial efficacy via 
chemical control (Mueller et al., 2002a; Bradley et al., 2006); and the commercially-available 
biological control, Coniothyrium minitans, which has demonstrated antisclerotial efficacy 
(Budge et al., 1995; Huang, 2011). Together, these provide an integrated management approach 
that farmers should utilize to reduce Sclerotinia stem rot.     
Macrophomina phaseolina is responsible for charcoal rot, seedling blight, and root rot, 
and affects more than 500 hosts (Smith and Carvil, 1997). From 1996 to 2007, charcoal rot 
ranked second to sixth among diseases suppressing soybean yield. In 2007, charcoal rot reduced 
yield by more than 816,465 metric tons (Ash, 2007; Koenning and Wrather, 2010).  
Charcoal rot owes its name to the black microsclerotia that can be observed with the 
naked eye infesting affected roots and stems. These microsclerotia function as primary inoculum 
in the spring to infect seedlings. Infection is aggravated during periods of high heat and drought, 
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when plant weakening encourages wilt and premature death from toxin translocation (Dhingra 
and Sinclair, 1978; Mihail and Taylor, 2011).  
To manage this disease, growers can rotate to less susceptible crops like corn, cotton, and 
broccoli (Francl, 1988; White, 1999). Planting date, which may affect disease for other 
pathogens, did not appear to significantly alter presence of M. phaseolina microsclerotia 
(Wrather, 2007). A study by Cross et al. appeared to elucidate a highly resistant cultivar and 
show lack of efficacy by azoxystrobin and lactofen application at different growth stages (Cross 
et al., 2012). Seed treatments using Trichoderma harzianum, Gliocladium virens, Paecilomyces 
lilacinus or Streptomyces sp. showed good control on Mung Bean against charcoal rot (Hussain 
et al., 1990).  
 1.2.3 Seedling and root fungal pathogens 
Phytophthora sojae ranks as one of the most destructive pathogens of soybean, causing a 
loss of 16.3 million metric tons from 1996 to 2010, valued at $7-8 billion (Ash, 2007; Koenning 
and Wrather, 2010). In the 1970s, new races of P. sojae devastated fields containing single-gene 
resistance: one documented example is the 121,405 hectares of soybean lost in Ohio alone 
(Schmitthenner, 1985).  
P. sojae infects soybean seeds, roots and stems, and foliage at all growth stages 
(HyeongJin et al., 1998; Agrios, 2005). The pathogen, a member of Oomycota, relies on key 
virulence factors, which include sexual reproduction to vary genes, double-walled oospores that 
aid survival by acting as a durable barrier during harsh conditions, and motile zoospores that 
swim chemotaxically to root exudates (Morris and Ward, 1992; HyeongJin et al., 1998). There, 
the zoospores encyst and germinate rapidly to penetrate root tissue (Deacon and Donaldson, 
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1993). Unlike true saprophytes, colonized plants will often release new rounds of zoospores to 
infect more healthy plants (Fry, 1982).  
Disease often initiates during warm-weather (>21°C) and flooding, when asexual 
sporangia release masses of genetically-variant swimming zoospores. To reduce incidence of 
disease, growers improve field drainage, use resistant soybean cultivars, and plant seeds treated 
with metalaxyl or mefenoxam (Anderson, 1982; Dorrance and McClure, 2001; Dorrance et al., 
2007; Sugimoto et al., 2012). Additionally, identification of resistant genes in soybean cultivars 
has led to investigation of improved cultivar resistance through breeding (Walker and 
Schmitthenner, 1984; Dorrance and Schmitthenner, 2000).  
Rhizoctonia solani accounts for both foliar blight and seedling diseases that inflicted 
704,739 metric tons lost in 1998 across a diverse range of temperatures and soil compositions 
(Singh et al., 1990; Wrather et al., 2001).  
R. solani belongs to Basidomycota, but typically lacks the sexual stage, characteristics of 
the phylum. It resides in soil and overwinters as brown microsclerotia that germinate and infect  
diverse hosts via angular-growing, septate hyphae. Symptoms include pre- and post-emergence 
damping off; seed, stem, or root rot; and red-brown lesions girdling lower stems (Cook, 1992).  
Growers manage disease using fungicide seed treatment to preserve stand, and rotating 
crops to reduce microsclerotia maintaining healthy crops (Frank and Murphy, 1977; Schillinger 
and Paulitz, 2006) to decrease susceptibility, planting late to encourage faster-growing seedlings, 
and tilling fields (Pumphrey, 1987). Fungicide seed treatment using metalaxyl, azoxystrobin, 
mefonoxam, and trifloxystrobin have shown efficacy against R. solani and Pythium spp (Urrea et 
al., 2013).  
8 
 
Pythium sylvaticum is a species from the Class Oomycetes and causes early-season 
damping off and seed, seedling, and root rot in a wide range of hosts, including Miscanthus, 
wheat, lettuce, and strawberry (Blok, 1970; Dorrance et al., 2004; Broders et al., 2007, 2009; 
Ahonsi et al., 2011). Infection occurs during wet field conditions, which promotes zoospore 
release. Pythium sylvaticum is not the only soybean-pathogenic species; other species include P. 
irregulare, P. ultimum, P. disscotucum, and many more.  
To manage these pathogens, growers should ensure good drainage in fields, especially 
sandy fields that lack dense particulate matter to capture zoospores. Unfortunately, rotation and 
tillage schemes typically cannot remove persistent oospores (Pankhurst, 1995). Fungicide seed 
treatments using mefenoxam and metalaxyl have historically protected seedlings from disease 
and are used on most corn and soybean planted in Ohio (Dorrance et al., 2004).  
Fusarium virguliforme is the causative agent of sudden death syndrome (SDS), and 
suppressed an estimated 598,741 metric tons worth $126 million in 2007. SDS has remained 
among the top five yield reducers from 1998 to 2007 (Ash, 2007; Koenning and Wrather, 2010). 
The association between SDS and Heterodera glycines (soybean cyst nematode, SCN) has been 
suggested, with high incidence of SCN corresponding to high SDS disease severity (Westphal et 
al., 2014).  
The fungus, an ascomycete, produces three kinds of asexual spores: macrospores and 
microspores, which typically serve as single-season inocula; and chlamydospores, which serve as 
overwintering inocula (Roy et al., 1997). In the spring, chlamydospores germinate and colonize 
roots, forming blue sporodochia. There, the fungi translocate toxin through plant vasculature to 
leaves. Leaves then develop the interveinal chlorosis symptomatic of SDS, and the plant may 
wilt and die (Hartman et al., 2015).  
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Because of chlamydospore survivability, F. virguliforme remains a difficult pathogen to 
manage via tillage or crop rotation, though long-term crop rotation has been suggested to reduce 
SDS (Abdelsamad et al., 2012). Growers should plant in conditions that favor host growth. 
Fluopyram seed treatment and resistant cultivar selection have shown efficacy against SDS (Njiti 
et al., 2002; Mueller et al., 2002b;Wang et al., 2014).   
1.3 Conventional management and problems associated with fungicide application 
Along with planting resistant varieties and using tillage, rotation, and good scouting to 
manage soybean fungal diseases, fungicides remain an important and rapidly-growing means of 
pathogen control. They comprise the fastest-growing group of the pesticides market, doubling 
from $775 million in 1988 to $1.7 billion in 2007 (US EPA; Osteen, 2012). In 2005, the six 
major multinational agro companies focused 64.5% of research expenditures on chemicals 
production (US EPA; Lucintel, 2012). Despite explosive growth, fungicide use poses significant 
problems: pathogen resistance and effects on people and the environment.   
1.3.1 Development of Pathogen Resistance 
Fungicide efficacy is diminished due to the selection of pathogen strains that are resistant, 
which takes two forms: qualitative and quantitative.   
 Qualitative resistance confers complete or nearly-complete resistance. This type of 
resistance is characterized by genetic mutations that change the physical structure or chemical 
signature of the enzyme targeted by the fungicide. In effect, mutations circumvent inhibition 
activity by the fungicide. One important example is the common G143A single amino acid 
mutation of the ubiquinol oxidation center of cytochrome b to prevent binding by the quinone 
outside inhibitor (QoI) class of fungicides (Bartlett et al., 2002). QoI resistance can proliferate 
for several reasons. The first stems from mitotic inheritance of error-prone mitochondrial DNA, 
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allowing mitochondria to mutate and perpetuate resistance genes to progeny (Gisi et al., 2002). 
Second, the G143A mutation has not been shown to be fitness-detrimental, allowing mutant 
populations to sustain—and even outcompete native isolates, as in Erysiphe necator and 
Sphaerothetheca fuliginea (Heaney et al., 2000; Rallos et al., 2014).   
 Qualitative resistances have emerged across a wide range of pathogenic fungi, including 
Blumeria graminis f. sp. tritici (Wyand and Brown, 2005), Spherotheca fuligenea (Heaney et al., 
2000), Pseudoperonospora cubensis (Gisi et al., 2007), Mycosphaerella fijiensis (Romero and 
Sutton, 1997; Amil et al., 2007; Aguilar-Barragan et al., 2014), and Venturia inequalis 
(Fiaccadori et al., 2011) to whole classes of fungicides: benzamidazoles, phenylalamides, and 
demethylation inhibitors (Flood, 1999; Schroeder and Provvidenti, 1969). Many more examples 
of qualitative resistance have been documented (Gisi et al., 2002; Kim et al., 2003; Lesemann et 
al., 2006; Fernández-Ortuño et al., 2008; Deising et al., 2008).   
Quantitative Resistance: The second form of resistance is quantitative-- a partial 
resistance type. Quantitative resistance can employ diverse mechanisms: efflux transporters, 
reduced fungicide permeability, fungicide degraders, and alternative pathways to reduce 
intracellular fungicide content (Del Sorbo et al., 2000). One example is the ubiquitous ATP-
binding cassette (ABC) efflux transporter, which binds xenobiotics and pumps them out of the 
intracellular space. For some fungi containing quantitative resistances, disruption of efflux 
pumps can restore susceptibility to fungicides, further implicating the importance of quantitative 
resistance (de Waard, 1997).  
Some examples of quantitative resistance include QoI resistances of apple scab (Venturia 
inaequalis) pathogens and demethylation inhibitor (DMI)-resistant Candida strains (Sedlák, 
2013; Faria-Ramos et al., 2014). Other well-documented quantitative resistances include 
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Botryotinia species resistant to hydrogen peroxide and cycloheximide (de Waard, 1997) and 
Pyrenophora tritici-repentis to DMI fungicides  (Del Sorbo et al., 2000; Reimann and Deising, 
2005).  
Many studies recommend the use of high-risk/low-risk fungicide mixtures or alternations 
to prevent resistance. Kable and Jeffery (1980) reported that alternations are preferable to 
mixtures, while Skylakakis (1981) reported the opposite. Most recently, Mikaberidze et al. 
(2014) suggested that fitness cost of resistant lines in a mixed population principally determines 
the emergence and dominance of resistant lines. Although specific recommendations differ, there 
is prevailing support for some variation of mixing the recommended amount of low-risk doses 
with minimally-effective high-risk doses to maintain fungicide life (Shaw, 1989; Hobbelen et al., 
2011; van den Bosch et al., 2014). Indeed, fungicides must be applied with care and precision.   
Clearly, fungicide resistance presents a large problem for the industry, which needs to 
continuously test new molecular targets and candidate fungicides to ultimately prevent costly 
yield reductions. These resistance problems are further compounded when considering the 
harmful effects that fungicides pose on people and the environment. 
1.3.2 Effects on people and the environment  
Microbe communities: Non-target risks include organisms with molecular signatures 
that resemble actual fungicide targets. Instances of unintended toxicity against beneficial soil 
microbe communities have been documented. Nitrogen-fixing bacteria significantly decreased 
with applications of captan, (N-[trichloromethyl)thio]-4-cyclohexene-1,2-dicarboximide 
(Martı́nez-Toledo et al., 1998). Rhizobial viability and nodulation in chickpeas also decreased 
with mefonoxam (Apron®XL from Syngenta). Whole microbe communities could not recover 
after 60 and 23 days after application of propiconazole (Yen et al., 2009). 
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Prolonged decay time: Pesticides persist for much longer when applied with a fungicide. 
The decay time for the herbicide isoproturon increased 4-fold when applied with the fungicide 
chlorothalonil, because the fungicide reduced degradative enzyme activity in soils (White et al., 
2010). Similarly, the decay time of propiconazole lengthened to 75 days after the fungicide 
eliminated microbes (Yen et al., 2009). Fungicide effects, unfortunately, also extend to 
downstream eukaryotes. 
Effect on Nonhuman eukaryotes: Immediate risks of non-target eukaryotes include 
aquatic communities exposed to residual fungicides. Daphnia longispina, frequently surveyed to 
monitor ecological sensitivity, decreased to irrecoverable levels after treatment with 33 µg ai/L 
azoxystrobin (van Wijngaarden et al., 2014). In a separate study, agriculturally-relevant 
concentrations of propiconazole, pyraclostrobin, and tebuconazole (though to a lesser extent) 
each showed toxicity to populations of Daphnia magna and the algae Pseudokirchneriella 
subcapitata (Ochoa-Acuña et al., 2009). Larger eukaryotic species like amphibians have also 
been shown to be affected adversely. In amphibians, agriculturally-relevant concentrations of the 
QoI pyraclostrobin; the QoI azoxystrobin and DMI propiconazole, and QoI trifloxystrobin and 
DMI propiconazole resulted in significant mortality and development defects in tadpole and 
juvenile populations (Belden et al., 2010; Morrison et al., 2013; Hartman et al., 2014). The wide 
reach of fungicides has prompted numerous studies on fungicide effects on human health. 
Effect on humans: Many studies describe the effects of agricultural fungicides on human 
health. DMI fungicide tebuconazole, though rarely used on soybean in the U.S. (Bradley, 
personal communication), has been shown to masculinize female rat offspring and reduce 
testosterone in male offspring (Ward et al., 2006b). This attenuation of complete sex 
determination with severe long-term reproductive defects in adults is caused by disruption of 
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major endocrine enzyme activity (Vinggaard et al., 2006; Taxvig et al., 2007). In a 
comprehensive screening of 24 major Danish pesticides, a staggering two-thirds were found to 
disrupt hormone action – with additive effects via prolonged and multiple-fungicide exposure 
(Andersen et al., 2002). Fungicides have also been suggested to exert a carcinogenic effect, as 
the EPA classifies several as probable human carcinogens (US EPA, 1988). Transcript profiling 
of mice treated with three imidazole fungicides, which included propiconazole and triadimefon, 
revealed alterations in apoptosis, cell cycle regulation, cell survival, and oxidative stress– all 
proliferative factors in tumorigenesis (Ward et al., 2006a). Although the many active ingredients 
tested in non-target studies may not explicitly find use in soybean production, their chemistry 
classes as imidazoles, DMIs, and strobilurins can represent similar action by those that are 
soybean-specific. These concerns underline the need to rigorously examine effects of fungicides 
presently used in the United States.  
 To conclude, fungicide use may pose costs to the fungicide industry to combat resistance; 
and severe non-target microbe, adjacent organism, and human effects—which is why agricultural 
systems should continue using an integrated management method that combines good cultural 
practices, careful fungicide use, and deployment of resistant cultivars. In addition, discovery of 
new antifungal options can supplement existing disease management. One such area of research 
that has expanded since the 1980s is biological control agents. 
1.4 Biological control agents  
 
Biological control is defined as the use of natural enemies to mitigate pests and  pest 
effects (Baker, 1987; Cook, 1993). Use of microbes as biological control agents (BCAs) in 
laboratory settings may have originated from Alexander Fleming’s discovery of penicillin. In the 
past 20-30 years since then, discoveries utilizing resident disease-suppressive microbiota- 
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alongside biotechnological advances to aid understanding molecular mechanisms- have 
exploded.  These findings show that although BCAs exhibit ephemerality after application and 
high environmental sensitivity, the many benefits, including environmental sustainability and 
wide array of antifungals to address single-site resistances, make BCAs an exciting research 
focus.  
Environmental sensitivity of BCAs: Some of the disillusionment surrounding BCAs 
compares the broad-range efficacy of fungicides with the environmental dependence of BCAs. 
Examples of varying biocontrol efficacy in different soil types (Ownley et al., 1991; Saikia et al., 
2009) and temperatures (Mukherjee and Raghu, 1997) are frustratingly common. It is also 
frequently reported that some BCAs work better with specific amendments or via different 
application methods (Saikia et al., 2009). This efficacy variability may have caused the 
enormous disparity between the wealth of publications on BCAs to the scant 15-20 officially 
registered on the market in 1997 (Schisler and Slininger, 1997). A comprehensive list of 
commercially available biocontrol agents is available (Gardener and Fravel, 2002).  
Other limitations include being unable to realistically mimic BCA-host-pathogen 
interaction for effective tests; increasing host susceptibility to other pathogens; showing variable 
colonization based on host genotype (Glandorf et al., 2001) or competition by native microbes 
(Papavizas, 1985; Davet, 1986); and losing viability in certain environments, requiring constant 
application (Weller, 1988). Other limitations to broad commercialization include scale-up 
difficulties (Schisler and Slininger, 1997; Mathre et al., 1999), temporal shelf life (Hjeljord et al., 
2000), and nontarget biosafety concerns—notably, Burkholderia cepacia, which surfaced as an 
opportunistic human pathogen (Butler et al., 1995; Govan and Deretic, 1996; Govan et al., 
1996). Another example of a nontarget concern is the BCA’s effect on resident or beneficial 
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microbes- though the reduction of native microbiota by many bacterial BCA’s including P. 
fluorescens and Bacillus spp. has generally found to be short-lived (Winding et al., 2004). In 
addition, BCAs face many regulatory burdens through classification as biopesticides (Ehlers, 
2011).  
Mathre et al. (1999) argue for modified regulation of biological controls because BCA 
efficacy is highly environment-dependent. Since BCAs are likely to work only in native 
conditions and frequently require reapplication due to environmental dependence (Sundheim, 
1982; Weller, 1988; Sutton and Peng, 1993), they should not be classified like introduced 
synthetic fungicides (Cook, 1993). This revised classification is akin to use of biological 
cultivars, which are also released into specific, cultivar-relevant environments (Cook, 1993). 
Recognizing this environmental dependence as a trait, not a burdensome measure to compare 
unfavorably with pesticide, helps to more satisfactorily preface investigation of BCAs.  
Antipathogenic activity: BCAs can act in several ways, including fiercely outcompeting 
pathogens for resources (Barahona et al., 2011; Ehrlich, 2014;  Ehrlich et al. 1985; van Dijk and 
Nelson, 2000; Wensing et al., 2010), secreting anti-microbials (Wright, 1956; Howell, 1988; 
Koutb and Ali, 2010), and parasitizing pathogens. They are also known to interact with host 
plants as plant growth-promoting rhizobia (PGPR) or elicitors of plant defense (De Meyer and 
Höfte; Vessey; Kloepper et al., 1980a,b; Weller et al., 2002; Audenaert et al., 2002; Lucy et al., 
2004; Preston, 2004). BCAs often exhibit many of these traits simultaneously. For example, 
some Pseudomonas species secrete antifungal compounds and colonize roots abundantly (up to 
105-106 CFU g-1) to successfully outcompete root pathogens  (Schroth and Hancock, 1982; Haas 
and Défago, 2005).   
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Lysobacter enzymogenes C3: One example of a BCA is L. enzymogenes C3 (LeC3). It is a 
gram-negative predatory microbe formerly belonging to the antibiotic-secreting clade 
Myxobacter. This genus was reclassified as Lysobacter by Christensen and Cook (1978) and 
confirmed by 16S rRNA analysis by Sullivan et al. (2003). Its characteristics include high GC 
base pair content (between 65-72%), gliding motility, and antimicrobial lytic activity 
(Christensen and Cook, 1978; Folman et al., 2003). LeC3 was originally isolated from Kentucky 
Bluegrass foliage in Nebraska and its genus resides ubiquitously (Christensen and Cook, 1978; 
Sullivan et al., 2003).  
LeC3 can antagonize a variety of microbes, including bacteria (Ji et al., 2008), fungi 
(Giesler and Yuen, 1998; Zhang and Yuen, 1999; Yuen et al., 2001; Kobayashi et al., 2005), and 
nematode eggs (Chen et al., 2006). This predatory activity involves gliding motility to trap prey 
(Tofazzal Islam, 2009) and secreting inhibitory and degradative antimicrobials.  
Secreted antimicrobials by LeC3 have been an intense subject of interest, since they 
demonstrate a wide range of antipathogenic and even drug-related properties. These include 
lysobactins (O’Sullivan et al., 1988) and cephabacins (Tsubotani et al., 1984) with activity 
against bacteria; tripopeptins with activity against Methicillin-resistant Staphylococcus aureus 
(Hashizume et al., 2001); a heat-stable antifungal factor with broad-range antifungal activity (Yu 
et al., 2007; Li et al., 2008); and cell wall degrading enzymes (CWDEs). These CWDEs include 
β-lytic proteases capable of digesting peptidoglycan (Epstein & Wensink, 1988; Ahmed et al., 
2003), lysoamidases against Gram-negative bacteria (Riazanova et al.), chitinases (Choi et al., 
2012), and β-1,3-glucanases (Palumbo et al., 2005a) against fungal cell walls. LeC3 has even 
been suggested to elicit plant defense in  tall fescue against Bipolaris sorokiniana (Kilic-Ekici 
and Yuen, 2003).  
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1.5 Research Objectives 
Given the biological control potential of LeC3, the objectives for this research were:  
1. To determine LeC3’s antagonistic effects against a broad range of soybean pathogens: 
Cercospora sojina, Fusarium virguliforme, Macrophomina phaseolina, Septoria glycines, and 
Sclerotinia sclerotiorum (Ascomycetes); Rhizoctonia solani (Basidiomycete); and Phytophthora 
sojae and Pythium sylvaticum (Oomycetes). 
2. To evaluate LeC3 biological control efficacy on soybean host against the root pathogens: F. 
virguliforme, R. solani, P. sojae, and P. sylvaticum; stem pathogen: S. sclerotiorum; and foliar 
pathogen: C. sojina.  
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CHAPTER 2 
 
CHARACTERIZATION OF LYSOBACTER ENZYMOGENES C3 ANTAGONISM 
AGAINST SOYBEAN FUNGAL AND OOMYCETE PATHOGENS IN VITRO 
 
ABSTRACT 
Soybean (Glycine max) faces costly yield losses from diseases caused by fungal and 
oomycete plant pathogens. In the search for effective, eco-friendly management, Lysobacter 
enzymogenes C3 (LeC3) has emerged as a promising biological control agent. Various reports 
document antagonism against some fungi and oomcyetes. Its efficacy in vitro against eight 
soybean-pathogenic Oomycetes, Basidiomycete, and Ascomycetes were tested in this study. 
LeC3 was shown to exhibit predatory traits against several fungal and oomycete soybean 
pathogens, which are consistent with literature, i. e. inhibition of mycelia growth on petri plate 
cultures, secretion of degradative and spore-germination-inhibiting compounds, as well as close 
association with fungal structures. Understanding LeC3 in vitro antagonism against these 
soybean pathogens provides basis for testing its biological control efficacy on soybean hosts in 
the greenhouse and in the field. 
2.1 Introduction  
 
Soybean fungal diseases reduce yield by approximately 5.4 million metric tons yearly 
(Koenning and Wrather, 2010; Wrather et al., 2001). These multibillion-dollar losses are the 
contributions of several taxonomically-diverse fungal pathogens, including Cercospora sojina, 
Septoria glycines, Fusarium virguliforme, Macrophomina phaseolina, and Sclerotinia 
sclerotiorum, which belong in the phylum Ascomycota; Rhizoctonia solani, which belongs in the 
phylum Basidiomycota; and Phytophthora sojae and Pythium spp., which belong in the Kingdom 
Chromalveolata, class Oomycota. Because of the disastrous cost burden and crop losses, 
effective management must mitigate reductions. These management techniques may rely on the 
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use of fungicides. However, because of concerns about fungicide resistance development and 
environmental and human safety from fungicide use, alternative management practices, such as 
the use of biological control agents, should be investigated. 
Lysobacter enzymogenes C3 (LeC3), an ubiquitous soil and freshwater bacterium with 
gliding motility from the family Xanthomonadaceae  in Gammaproteobacteria (Christensen and 
Cook, 1978; Sullivan et al., 2003), offers biological control potential, due, in part, to its prolific 
secretion of antimicrobial compounds. These compounds, which include chitinases and 
proteases, show a diverse range of activities against methicillin-resistant Staphylococcus aureus 
(Kato et al., 1998; Zhang et al., 2011), fungi (Giesler and Yuen, 1998; Zhang and Yuen, 1999; 
Yuen et al., 2001; Sullivan et al., 2003; Kobayashi et al., 2005; Kobayashi and Yuen, 2005; 
Jochum et al., 2006), and nematodes (Chen et al., 2006).  
Chitinases were some of the first compounds identified from LeC3 (Christensen and 
Cook, 1978). These enzymes were shown to inhibit conidial germination of Bipolaris 
sorokiniana via degradation of fungal cell walls containing chitin. Mutants deficient in producing 
chitinases were not able to suppress B. sorokiniana in vitro-- even with active β-1,3-glucanase 
production (Zhang and Yuen, 2000). Many studies also reported increased biological control 
efficacy of LeC3 when supplemented with chitin, further suggesting the antagonistic role of 
chitinases (Zhang and Yuen, 1999; Yuen et al., 2001; Jochum et al., 2006; Kim et al., 2007, 
2010; Choi et al., 2012).  
Another cell wall-degrading enzyme secreted by LeC3 is β-1,3-glucanase, which was 
required for controlling leaf spot caused by B. sorokiniana on tall fescue and damping off by 
Pythium ultimum on sugarbeet. Interestingly, β-1,3-glucanase activity was not required for 
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suppressing B. sorokiniana or P. ultimum in vitro. Thus, antagonism seems to arise from an 
ensemble of contributing factors that include β-1,3-glucanases (Palumbo et al., 2005a).   
In addition to cell-wall degrading enzymes, LeC3 produces a heat-stable antifungal factor 
(HSAF). HSAF is a tetramic acid-containing macrolactam, which targets a ceramide synthase 
unique to filamentous fungi (Li et al., 2006). Because of this novel mode of action, numerous 
studies have sought to reveal the regulatory mechanisms that underlie HSAF biosynthesis (Yu et 
al., 2007; Qian et al., 2014), which may aid in mass production for agricultural or drug-related 
uses. HSAF has also been shown to contribute to in vitro antagonism against a number of other 
oomycete and fungal organisms, including Pythium ultimum (Qian et al., 2014), Bipolaris 
sorokiniana, Fusarium graminearum, (Li et al., 2008), Fusarium verticilliodes (Yu et al., 2007), 
and Aspergillus nidulans (Li et al.).  
Altogether, these studies convey the broad-spectrum antifungal activities of LeC3 and 
make LeC3 an exciting biological control candidate for both agriculture and human drug 
therapies. First, we utilized a dual-culture inhibition assay to determine LeC3’s antagonism of 
mycelia growth and spore germination. Then, we investigated the effect of varying nutrient 
availability on LeC3 fungal interaction, the effect of LeC3 cell-free supernatant on fungal cell 
wall viability, and the direct effect of LeC3 addition to fungal cells. Confirming LeC3 in vitro 
activity against a diversity of fungal pathogens of soybean provided a sound basis for evaluating 
its biological control ability on soybean hosts. 
2.2 Materials and Methods 
 
2.2.1 Growth and storage of bacterial strains  
L. enzymogenes strain C3 (obtained from Dr. Gary Yuen, University of Nebraska, 
Lincoln, NE) was routinely cultured on 10% tryptic soy agar (1.5 g/L Tryptone, 0.5 g/L Soytone, 
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0.5 g/L, and 1.5% Bacto-Agar) for 3 days at 28°C. Colonies were scraped into 1.5 mL cryotubes 
(Sigma-Aldrich) containing 1 mL 10% glycerol and stored at -80°C. 
Bacterial cultures were prepared by scoring the surface of a LeC3 stock suspension with a 
200 µL pipet tip and pipetting into 5 mL of 10% Tryptic Soy Broth in 14 mL round bottom 
Falcon® tubes (Corning Life Sciences). Cultures were grown at 28°C on a shaker table (220 
rpm) overnight. Cells were harvested by centrifugation at 4000 rpm and suspended in 1 mL 
sterile distilled water. Cell concentrations were determined by measuring absorbance at OD600 
(optical density at 600 nm).  
2.2.2 Growth and storage of fungal isolates 
Fungal isolates were obtained from Dr. Carl Bradley’s lab (University of Illinois, Urbana, 
IL) and maintained on fungal-specific stock media. C. sojina, S. glycines, S. sclerotiorum, and R. 
solani were stored at -80°C in 15% glycerol. P. sojae was stored at 4°C on dilute V8 agar slants 
submerged in water (Shaw, 1998). P. sylvaticum, P. ultimum, P. irregular, P. torulosum, and P. 
Diclinum were stored at -80°C on hemp seeds. F. virguliforme was stored at -80°C on corn 
kernels. M. phaseolina was stored on potato dextrose agar (PDA) at 4°C and subcultured onto 
fresh media monthly (Sinclair and Dhingra, 1995).  
S. sclerotiorum, R. solani, M. phaseolina, Pythium sylvaticum, P. ultimum, P. irregular, P. 
torulosum, P. aff. Diclinum and F. virguliforme were grown by subculturing leading hyphae onto 
fresh PDA. P. sojae was grown by subculturing on V8 agar (8% v/v V8 juice, 0.2% m/v CaCo3, 
20% Bacto-agar). S. glycines conidia were produced by vigorously pipetting 20 µL H2O onto 
pycnidia, diluting to half concentration, and pipetting and spreading 20 µL of the conidial 
suspension onto V8 agar. Cultures were placed under fluorescent lighting (12-h photoperiod) for 
3-5 days to induce pycnidia formation. C. sojina conidia were produced by agitating vigorously 
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sporulating cultures with a bent glass rod and H2O and pipetting 0.5 mL conidial suspension onto 
soybean stem lima bean agar (Phillips, 1981). Cultures were placed under fluorescent/UV-A 
lighting (12-h photoperiod). All culture media were amended with 25 mg/mL rifampicin. 
A list of all isolates can be found in Table 1 and 2. 
2.2.3 Dual culture assay 
2.2.3.1 Effect of LeC3 on growth of fast-growing mycelia 
Discs (5 mm. diameter) of S. sclerotiorum, R. solani, P. sylvaticum, M. phaseolina, and P. 
sojae were cut and placed in the center of ¼-strength PDA. Bacterial suspensions (5µL with 
OD600 at 0.2, 0.4, 0.6, and 0.8) were pipetted onto the edge of plates about 3.5 cm away from the 
center plug.  
Plates were incubated for a week at 25°C to allow maximum growth to edge of plates and 
to allow formation of clearly defined inhibition zones around bacterial spots. The inhibition 
distance was measured as radius of inhibition zone. Up to 10 isolates of each fungal isolates for 
each species were assayed with LeC3 to survey effectiveness against a broad range of pathogens 
(Table 1). Each assay included three replicates and the experiment was repeated twice.  
2.2.3.2 Effect of LeC3 on growth of slow-growing mycelia from spores 
Conidia were harvested from C. sojina, F. virguliforme, and S. glycines and adjusted to 
105 CFU/mL in water. About 0.5 mL spore suspension was dispensed over ¼-strength PDA and 
spread evenly using a sterile bent rod. Small holes (5 mm in diameter) were punched into the 
periphery of plates about 3.5 cm away from the center and 15µL of bacterial suspensions with a 
final concentrations of  0, 1 x 106 , 1 x 107, and 1 x 108 CFU/mL suspended in water agar (0.75% 
w/v final concentration) were pipetted into holes.  
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Plates were incubated for a week at 25°C to allow spores to germinate and grow until 
clearly defined inhibition zones around bacterial spots emerged. The inhibition distance was 
measured as radius of inhibition zone. One to three isolates of each fungal species were assayed 
against LeC3 to survey effectiveness against a broad range of pathogens (Table 2). Each assay 
included three replicates and the experiment was repeated twice.  
2.2.3.3 Statistical methods 
Data across species isolates were averaged regardless of isolate*treatment effects and 
data across both trials were pooled when variances showed homogeneity (Brown Forsythe-
Levene’s test) to simply determine main treatment effect by LeC3. Differences between 
treatment means were subjected to ANOVA and separated using Student-Newman-Keul’s test in 
the agricolae 1.1-8 package (F de Mendiburu) at α = 0.05. All analyses were performed using R 
version 3.1.0 (The R Foundation for Statistical Computing, Vienna, Austria). 
2.2.4 Dual culture assay under varying nutrient availability 
Discs (5 mm in diameter) of S. sclerotiorum, R. solani, Pythium spp., M. phaseolina, P. 
sojae, and F. virguliforme were cut and placed in the center of 1/2, 1/4, and 1/8-strength PDA 
plates. LeC3 suspensions (5µL with an OD600 of 0 (H2O), 0.4, 0.6, and 0.8) in water were 
pipetted onto the edge of plates about 3.5 cm away from the center plug.  
Plates were incubated for one week at 25°C to allow radial growth to exceed 4 cm and to 
allow formation of clearly defined inhibition zones around bacterial spots. The inhibition 
distance was measured as the radius of inhibition zone. Each assay included three replicates and 
the experiment was repeated twice.  
Data across both trials were pooled when variances showed homogeneity (Brown 
Forsythe-Levene’s test). Then, the effect by %PDA and the interaction between %PDA*LeC3 
35 
 
treatment on mean distances was calculated. Within each concentration of PDA, differences 
between treatment means were subjected to ANOVA and separated using Student-Newman-
Keul’s test at α = 0.05.   
2.2.5 Tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay to measure LeC3’s effect on cell viability 
The MTT assay was  adapted from a previous report (ref) with some modifications (Patel, 
et al., 2013). Conidia were harvested from C. sojina (1-week old culture on SSLB) and F. 
virguliforme (2-week old culture on PDA), and suspended to final concentrations of 1.5 x 105 
and 1 x 106 CFU/mL in phosphate-buffered saline (PBS), respectively.  
LeC3 cultures were obtained as described above. The supernatant was then passed 
through a 0.22 µm filter three times. The filtered solution was mixed in a one (or undiluted 
supernatant) to one (conidial suspension) ratio in a 14 mL round bottom tube (Falcon, Thermo 
Fisher Scientific) and 1/2x (or 1x diluted twofold in PBS) to one (conidial suspension) ratio. 
Each test contained three replicate tubes.  
Forty-five microliters of each reaction mixture in triplicate were pipetted into a 96-well 
plate (Sigma-Aldrich) and mixed with 5 µL MTT reagent. The plate was incubated at 37°C for 5 
hours, removed, placed onto a plate reader to measure absorbance (λ=570), and scanned three 
times to generate average absorbance measurements, which were expressed as % absorbance of 
fungi in H2O only. The experiment was repeated twice.  
2.2.6 Spore germination assay after mixed with LeC3 supernatant  
 The remaining volumes of 1x, 1/2x LeC3 supernatant, or H2O; mixed with conidia from 
the above experiment, were kept in a 25°C shaking incubator set at 200 rpm overnight. The 
following day, 5µL of mixture was pipetted onto a hemocytometer and a minimum of 100 spores 
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counted as germinated or non-germinated. The ratio of germinated versus non-germinated was 
calculated. The experiment was repeated twice.  
2.2.7 Conidia germination assay after mixed with LeC3 bacterial challenge: 
 Conidia were harvested from F. virguliforme and resuspended at 2 x 105 CFU/mL in 25% 
potato dextrose broth (PDB). Bacteria were suspended in 25% PDB, 2 x 106, 2 x 107, and 2 x 108 
CFU/mL. Water was used as a control. Equal volumes (3 mL each) of bacterial and conidial 
suspension were mixed in a 14 mL round bottom Falcon tube so that final LeC3 concentrations 
were 1 x 106, 1 x 107, and 1 x 108 CFU/mL. The mixture was vortexed briefly and placed in a 
shaking incubator at 200 rpm at 25°C overnight and examined for morphologic differences over 
several days. 
 Twenty-four hours after co-incubation, 15 µL of each mixture was pipetted on four spots 
onto ¼-strength PDA plates. Plates were divided into four quadrants, each with four spot 
replicates, from all four LeC3 x F. virguliforme reaction mixtures. Plates were then incubated at 
room temperature overnight. The following day, spots were examined under microscope and the 
percent germinated conidia was calculated. The experiment was repeated twice. 
Data across both trials were pooled when variances showed homogeneity (Brown Forsythe-
Levene’s test). Treatment means were subjected to ANOVA and differentiated using Student-
Newman-Keul’s test in the agricolae 1.1-8 package (F de Mendiburu) at α = 0.05.    
2.3 Results  
2.3.1 Effect of LeC3 on spore and mycelia growth 
LeC3 inhibited mycelia growth significantly for all fungal pathogens tested in a dose-
dependent manner (Fig. 1, Table 1). Average inhibition by the LeC3 concentrations: OD = 0 
(H2O), 0.1, 0.2, and 0.4 was: 0, 1.4, 1.5, and 1.6 cm, respectively, for the three M. phaseolina 
isolates; 0, 1.4, 1.4, and 1.4 cm., respectively, for the ten P. sojae isolates; 0, 1.2, 1.3, and 1.3 
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cm., respectively, for P. sylvaticum, P. dissotocum, P. ultimum, P. irregulare, P. torulosum, and P. 
aff. diclinum isolates; 0, 0.9., 0.9, and 1.0 cm, respectively, for the three R. solani isolates; and 0, 
1.3, 1.4, and 1.4 cm. for the five S. sclerotiorum isolates. For all fungi, LeC3 treatment effect was 
p < 2 x 10-16, indicating that treatment means by LeC3 were highly different from H2O treatment. 
With the exception of P. sojae (p <2 x 10-16) and the Pythium spp. (p=0.008), no isolate effects 
emerged. This suggests that LeC3 posed similar growth inhibition against all isolates within the 
same species. The significant Pythium spp. isolate effect may have been due to different species 
growth rates producing differently-sized inhibition zones. For P. sojae, the significant isolate 
effect may have arisen from all LeC3 concentrations producing similar inhibition distances.  
LeC3 also inhibited fungal growth from spread spores. Average inhibition by the LeC3 
concentrations: 0 (H2O), 1 x 106, 1 x 107, and 1 x 108 CFU/mL were: 0, 0.5 , 0.9, and 1.2 cm, 
respectively, for three C. sojina isolates (p < 2 x 10-16); 0 , 0.4, 0.7, and 0.8 cm, respectively, for 
one F. virguliforme isolate (p = 1.89 x 10-11); and 0, 1.2 , 1.6, and 1.8 cm for two S. glycines 
isolates (p < 2 x 10-16). All treatment effects were highly significant. No isolate or 
isolate*treatment interaction effects were observed. In sum, LeC3 effectively inhibited 
vegetative mycelial growth of the eight fungi and oomcyetes tested.  
2.3.2 Effect of varying PDA concentration on LeC3/pathogen interaction 
LeC3 inhibited fungal growth in a dose-dependent manner when grown in different 
concentrations of PDA (Figure 3, Table 3). Importantly, for decreasing concentrations of PDA, 
inhibition size by LeC3 increased. Average inhibition distances of F. virgulirome by the LeC3 
concentrations: OD600 = 0 (H2O), 0.1, 0.2, and 0.4, increased from: 0, 0.4, 0.6, to 1.0 cm, 
respectively, for 50% PDA; 0, 0.7, 0.9, and 1.1 cm, respectively, for 25% PDA; and 0, 0.9, 1.0, 
and 1.1 cm, respectively, for 12.5% PDA. Average inhibition of M. phaseolina by the LeC3 
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concentrations: OD600 = 0 (H2O), 0.1, 0.2, and 0.4 increased from: 0, 0, 0.6, to 1.4 cm, 
respectively, for 50% PDA; 0, 0.9, 1.2, and 1.3 cm, respectively, for 25% PDA; and 0, 1.2, 1.3, 
and 1.3 cm, respectively, for 12.5% PDA. All fungi tested had similar trend: increasing LeC3 
increased inhibition distance at lower %PDA concentrations. A highly significant percentage of 
PDA effect for all fungi and oomycete was subsequently calculated (p < 2 x 10-16) with 
significant treatment*%PDA interaction effects (p < 3.1 x 10-9). This confirmed the differential 
effect of %PDA on inhibition distance by each LeC3 treatment concentration.   
Formation of sclerotia and lack of germination in fungi closest to bacterial colonies were 
also observed (Figure 4), indicating the induction of nonnative fungal morphologies by LeC3 
presence.  
2.3.3 Effect of LeC3 supernatant on fungal cell viability and germination  
Increased LeC3 supernatant concentration led to decreased metabolic viability of fungi, 
as  determined by the MTT assay (Patel et al., 2013) for both C. sojina and F. virguliforme 
conidia. For C. sojina, half-strength supernatant significantly reduced cell viability (p < 0.025) 
by 51.9% and at full strength (1x), even more by 56.8%. For F. virguliforme, half-strength 
supernatant did not significantly reduce cell viability; however, at full strength (1x), a significant 
(p < 0.025) reduction of viability by 56.8% was observed.  
In addition, half-strength LeC3 supernatant completely inhibited germination of C. sojina 
conidia (p < 0.025), compared to 93.2% conidia germinated for H2O control (Table 4). For F. 
virguliforme, half-strength LeC3 supernatant did not inhibit germination; however, full-strength 
LeC3 supernatant inhibited germination to 67.3% of conidia (Table 5) (p < 0.025). At these 
concentrations, conidia were degraded and showed excess hyphal branching (Figure 5).  
 
39 
 
2.3.4 Effect of LeC3 on F. virguliforme conidial germination and morphology 
At 108 CFU/mL, LeC3 completely inhibited germination of F. virguliforme conidia on ¼-
strength PDA. At lower concentrations, LeC3 did not significantly inhibit conidial germination, 
with percentages of germination: 84.3% for H2O control, 90.6% for 1 x 106 CFU/mL, 84.0% for 
1 x 107 CFU/mL, and 0% for 1 x 108 CFU/mL LeC3. After allowing LeC3 and conidial co-
incubation on plates at room temperature for several days, complete inhibition and degradation 
of fungal structures were observed on 1 x 108 CFU/mL LeC3-treated plates. Conidia co-
incubated with 1 x 107 CFU/mL LeC3 were able to germinate but showed thinned structures and 
degradation over time (Figure 6), indicating that LeC3 continued fungal antagonism despite 
successful fungal germination.     
Co-incubating both LeC3 and F. virguliforme in PDB over a period of time showed LeC3 
localization to fungal structures and signs of degradation over 24-72 hours (Figure 7).    
2.4 Discussion 
 
L. enzymogenes C3 has been shown to antagonize numerous fungi and oomycetes. In this 
study, we demonstrated its in vitro antagonism against eight fungal and oomycete pathogens of 
soybean, including C. sojina, F. virguliforme, M. phaseolina, P. sojae, P. sylvaticum, R. solani, S. 
glycines, and S. sclerotiorum. Not only does LeC3 successfully antagonize a taxonomically-
diverse range of pathogens, it exerts a broad spectrum of inhibitive activities, including 
inhibition of mycelia growth and spore germination, suppression of metabolic capacity, 
degradation of cell walls, and localization to fungal structures.  
On dual-culture plate assays, LeC3 colonies inhibited mycelia growth, spore germination, 
and caused formation of stress structures. LeC3 inhibition occurred in a dose-dependent manner, 
where higher concentrations of LeC3 suspension were significantly associated with increased 
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inhibition zone sizes. Because the antagonism posed by LeC3 to these fungal and oomycete 
fungal pathogens resembled the germination inhibition and degradation activities by LeC3 
secreted compounds, it is likely that these compounds caused the effects we observed.  
The dual culture assay with different concentrations of medium showed that slowed 
growth of fungi or oomycetes allowed bacterial colonies more time to establish and secrete 
antimicrobials to inhibit fungal growth. This conclusion is consistent with the results from the 
dual culture assay, where slow-growing fungi showed greater inhibition zones by LeC3. Thus, it 
may be practically beneficial to combine the antifungal effects of LeC3 with growth suppressors 
of fungi or oomycetes to enhance its inhibition effect.  
To measure the effect of LeC3 supernatant on fungal cell viability, the procedure reported 
by Patel et al. was modified slightly to use LeC3 supernatant instead of a cell suspension (Patel 
et al., 2013). This eliminated the presence of live bacteria, which would have interfered with 
absorbance readings. At half strength, LeC3 supernatant significantly impaired cell viability and 
germination of C. sojina, but not F. virguliforme. Reduced susceptibility may have resulted from 
faster growth of F. virguliforme, which showed smaller inhibition zones compared to other spore 
fungi in the mycelia growth assays. At full strength, however, LeC3 supernatant reduced F. 
virguliforme viability and percentage of germination significantly. At this concentration, C. 
sojina and F. virguliforme conidia appeared pitted and degraded. These results confirmed 
previous reports that LeC3 secretions are responsible for a variety of inhibitory and lytic 
activities against fungi and oomycetes.  
After characterizing the fungal-antagonistic effects of LeC3 supernatant on C. sojina and 
F. virguliforme, the direct effect of LeC3 cells on F. virguliforme conidia was characterized. Only 
the highest concentration of LeC3 (1 x 108 CFU/mL) significantly reduced conidial germination 
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on ¼-strength PDA. At lower LeC3 concentrations, germination of conidia was unchanged. 
However, conidia challenged at these lower concentrations became degraded several days after 
counting, suggesting that LeC3 antagonizes F. virguliforme not only by inhibiting germination, 
but also by degrading fungal structures over time. Additionally, it was observed that LeC3 
localized to F. virguliforme hyphae, which had been similarly documented in other studies 
(Bacteria in Agrobiology: Plant Growth Responses, 2011). Altogether, these results further 
confirmed the broad spectrum of inhibition activities by LeC3.  
In summary, our results expand the range of targets antagonized by LeC3. These 
antagonistic effects likely occur because of a broad range of inhibition activities, which include 
inhibition of mycelium growth and spore germination, cell killing, and degradation of fungal 
structures. Establishing that LeC3 poses direct antagonism on this group of soybean fungal and 
oomycetes pathogens in vitro sets the stage for evaluation of biological control of LeC3 on the 
soybean host.  
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2.5 Figures and Tables 
 
z  
 
 
Figure 1: Effect of LeC3 on fast-growing mycelia. Increasing concentrations of LeC3 (OD600 = 
0, 0.1, 0.2, and 0.4 from top and counterclockwise) were pipetted 1 cm from edge of plates and a 
5 mm. disc of fungal mycelia from a 2-week old culture was placed onto centers of plates. After 
seven days, mycelia growth covered plates except in zones proximal to LeC3 spots. Inhibition 
zone size, the distance between bacteria to the leading hyphal edge, generally increased as 
concentration of LeC3 increased for all fungi and oomycetes tested: Macrophomina phaseolina 
(A), Phytophthora sojae (B), Pythium spp. (C), Rhizoctonia solani (D), and Sclerotinia 
sclerotiorum (E).  No inhibition zone was observed for H2O treatment. Trials were performed 
twice on separate days and results pooled when variances showed homogeneity. Differences 
between treatment means were separated using Student-Newman-Keul’s test at α = 0.05. Pictures 
were taken at 7-10 days after start of the experiment.  
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Table 1. Inhibition zones of fast-growing fungi and oomycetes by LeC3   
Pathogen Isolates 
(OD)LeC3 
Treatment 
Mean Inhibition 
Distance (cm) ± SE 
Treatment 
effect (p-
value) 
Isolate 
effect 
(p-value) 
Isolate*Treatment  
Interaction  
(p-value) 
M.  phaseolina WILSO2.4.24 0 0.00d ± 0.00 < 2 x 10-16 0.817 0.879 
Isolated from  
soybean, 2011-
2012 
Bradley lab. 
K2.10b 0.1 1.41c ± 0.04    
K2.8b 0.2 1.51b ±0.02    
  0.4 1.56a ± 0.02 
   
P. sojae 11IL.029.04c 0 0.00b < 2 x 10-16 <2 x 10-16 0.0216 
Isolated from  
soil surveys, 
2011-2012. IL. 
Bradley Lab.  
  
12IL.008.08b.b 0.1 1.42a ± 0.05    
12IL.006.10a 0.2 1.42a  ± 0.04    
12IL.004.07b 0.4 1.42a ± 0.04    
12IL.007.01a      
11IL.007.04a      
  11IL.027.08a3      
  12IL.009.05b      
  12IL.002.07a      
  11IL.028.09a        
Pythium spp.   0 0.00d < 2 x 10-16 0.00813 0.725 
P. dissotocum 12Py349 0.1 1.22c  ± 0.05    
P. ultimum 12Py350 0.2 1.26b  ± 0.05    
P. ultimum 12Py351 0.4 1.30a ± 0.05    
P. sylvaticum 12Py352      
P. sylvaticum 12Py353      
P. irregulare 12Py354      
P. torulosum 12Py355      
P. sylvaticum 12Py356      
P. sylvaticum 12Py358      
P. aff. Diclinum 12Py359      
P. sylvaticum 12Py360        
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Table 1 (cont.) 
 
Isolated from  
soil surveys, 
2012. IL. 
Bradley Lab.   
   
 
Rhizoctonia 
solani BF09476 0 0.00d 
< 2x 10-16 0.0644 0.7963 
Isolated from  
soybean, 
2009, 2013. IL. 
Bradley Lab. 
  
  
W2.2.20 0.1 0.86c ± 0.03    
EV-7 0.2 0.92b ± 0.03    
  0.4 0.98a ± 0.03 
   
Sclerotinia 
sclerotiorum BF09122 0 0.00d  
< 2 x 10-16 0.5050 0.969 
Isolated from  
soybean, 
2009, 2011. IL. 
Bradley Lab. 
  
  
  
BF0937 0.1 1.30c ± 0.03    
BF0936 0.2 1.37b ± 0.05    
11WM5 
BF09123 0.4 1.43a ± 0.04 
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Figure 2: Effect of LeC3 on growth of slow-growing mycelia from spores. 15 µL of 
increasing LeC3 concentrations (final: 1 x 106, 1 x 107, 1 x 108 CFU/mL) were mixed with 0.8% 
agar and pipetted into 5 mm cork-bored holes 3.5 cm from the center of a plate spread evenly 
with 1 mL of LeC3. After one week, mycelia from conidia covered plates except in zones 
proximal to LeC3 spots. Inhibition zone sizes were measured at seven days. Higher inhibition 
zone sizes appeared around higher LeC3 concentrations (p < 0.025) for all fungi tested: C. sojina 
(A), F. virguliforme (B), and S. glycines (C). Trials were performed twice on separate days and 
results pooled when variances showed homogeneity. Differences between inhibition distance 
means were separated using Student-Newman-Keul’s test at α = 0.05. Pictures were taken at 
seven days.
C
 
 
  
  B
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Table 2: Inhibition zones of slow-growing fungi and oomycetes by LeC3 
Pathogen Isolate 
[C3] Treatment 
Log10(CFU/mL) 
Mean 
Inhibition 
Distance 
(cm) ± SE 
Treatment effect  
(p-value) 
Isolate effect 
(p-value) 
Isolate*Treatment 
interaction effect (p-
value) 
C. sojina BF0936 0 0d < 2 x 10-16 0.927 0.345 
Isolated from  
soybean, 
2009, 2010. IL. 
Bradley Lab. 
  
  
  
CS1065 6 0.53c ± 0.05    
CS1087 7 0.93b ± 0.03    
  8 1.20a ± 0.032    
   
   
F. virguliforme 13FV191 0 0d 1.89 x 10-11 - - 
Isolated from  
soybean, 
2013. IL. 
Bradley Lab. 
 
  
  
  6 0.38c ± 0.092    
  7 0.68b ± 0.025    
 8 0.83a ± 0.037    
    
   
S. glycines ATCC 0 0d < 2 x 10-16 0.727 0.791 
Isolated from  
soybean, 2013, 
2014. IL. 
Bradley Lab. 
  R3 6 1.22c ± 0.055 
   
    7 1.62b ± 0.053    
  8 1.76a ±0.041    
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Figure 3: Dual culture assay under varying nutrient conditions. F. virguliforme (A), M. 
phaseolina (B), P. sojae (C), P. sylvaticum (D), R. solani (E), and S. sclerotiorum (F). Five 
microliters of increasing LeC3 concentrations (from top and counterclockwise: OD = 0, 0.1, 0.2, 
and 0.4) were spotted 3.5 cm from a 5 mm-diameter plug of 1-week-old fungal mycelia on three 
media concentrations: 50% (left), 25% (middle), and 12.5% PDA (right). One week later, 
inhibition zones around bacterial colonies were measured and inhibition zone sizes were 
calculated. Higher concentrations of LeC3 exerted significantly higher inhibition distances (p <  
F 
E 
D 
C 
B 
  
OD600=0 
OD600=.1 
OD600=.2 
OD600=.4 
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Figure 3 (cont.)  
0.025, separated by Student-Newman-Keul’s test) within each %PDA concentration. Lower 
percentage of PDA showed larger inhibition zone sizes for each LeC3 concentration. Pictures 
were taken at seven days. Trials were performed twice on separate days and results pooled when 
variances showed homogeneity. Pictures were taken at seven days. 
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Table 3: Effect of PDA concentration on inhibition zones of fungi and oomycetes by LeC3.  
Pathogen/Isolate 
Concentration 
PDA (%) 
(OD)C3 
Treatment 
Average Inhibition  
Distance (cm) ± SE 
Treatment 
effect  
(p-value) 
%PDA effect 
(p-value) 
Treatment* 
%PDA interaction 
effect (p-value) 
F. virguliforme 50% 0 0.00d < 2 x 10-16 3.1 x 10-9 1.44 x 10-6 
13Fv191   0.1 0.43c ± 0.06    
    0.2 0.60b ± 0.07    
    0.4 1.03a ± 0.08    
  25% 0 0.00d < 2 x 10-16   
    0.1 0.70c ± 0.04    
    0.2 0.93b ± 0.02    
    0.4 1.07a ± 0.06    
  12.50% 0 0.00d < 2 x 10-16   
    0.1 0.90c ± 0.04    
    0.2 0.98b ± 0.03    
    0.4 1.07a ± 0.02    
M. phaseolina 50% 0 0.00c < 2 x 10-16 2.4  x 10-14 1.06 x 10-13 
K2.10b   0.1 0.00c    
    0.2 0.55b ± 0.06    
    0.4 1.35a ± 0.02    
  25% 0 0.00d < 2 x 10-16   
    0.1 0.90c ± 0.23    
    0.2 1.18b ± 0.06    
    0.4 1.30a ± 0.03    
  12.50% 0 0.00c < 2 x 10-16   
    0.1 1.18b ± 0.05    
    0.2 1.28a ± 0.02    
    0.4 1.30a    
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Table 3 (cont.)       
       
P. sojae 
 
 
 
50% 
 
 
 
0 
 
 
 
0.00b 
 
 
 
< 2 x 10-16 
 
 
 
< 2 x 10-16 
 
 
 
2.04 x 10-12 
11IL.004.04b   0.1 1.27a ± 0.02    
  0.2 1.30a    
  .4 1.30a    
  25% 0 0.00b < 2 x 10-16   
    0.1 1.54a ± 0.05    
    0.2 1.58a ± 0.05    
    0.4 1.54a ± 0.09    
  12.50% 0 0.00c < 2 x 10-16   
    0.1 1.85b ± 0.03    
    0.2 1.88ba ± 0 .04    
    0.4 1.93a ± 0.02     
P. sylvaticum 50% 0 0.00c < 2 x 10-16 5.52 x 10-10 6.84 x 10-5 
12Py356   0.1 0.00c    
    0.2 0.15b ± .1    
    0.4 0.85a ± 0.08    
  25% 0 0.00d < 2 x 10-16   
    0.1 0.23c ± 0.11    
    0.2 0.67b ± 0.1     
    0.4 1.00a ± 0.04    
  12.50% 0 0.00d < 2 x 10-16   
    0.1 0.57c ± 0.09    
    0.2 0.82b ± 0.07    
    0.4 1.10a    
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Table 3 (cont.)        
       
R. solani 50% 0 0.00b < 2 x 10-16 3.19 x 10-14 2.07 x 10-11 
BF09476   0.1 0.00b    
    0.2 0.00b    
    0.4 1.10a ± 0.03    
  25% 0 0d < 2 x 10-16   
    0.1 0.23c ± 0.14    
    0.2 0.63b ±0 .13    
    0.4 1.25a ±0 .06    
  12.50% 0 0.00d < 2 x 10-16   
    0.1 0.58c ± 0.05    
    0.2 0.92b ± 0.05    
    0.4 1.18a ± 0.07    
S. sclerotiorum 50% 0 0.00b < 2 x 10-16 5.96 x 10-13 2.65 x 10-8 
BF09123   0.1 0.00b    
    0.2 0.00b    
    0.4 1.00a ± .15    
  25% 0 0.00c < 2 x 10-16   
    0.1 0.72b ± .37    
    0.2 0.80ab ± 0.41    
    0.4 1.12a ± 0.13    
  12.50% 0 0.00c < 2 x 10-16   
    0.1 0.88b ± 0.08    
    0.2 1.03a ± 0.08    
    0.4 1.18a ± 0.10    
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Figure 4: Induction of stress fungal morphologies for R. solani (A) and F. virguliforme (B). 
LeC3 was streaked on the periphery of ¼-strength PDA plates with a 5 mm diameter R. solani 
disc placed in the center. After two weeks’ growth, the leading hyphal edge had become 
populated with R. solani sclerotia. Similarly, when LeC3 was spotted on the periphery of plates 
spread with F. virguliforme conidia, conidia closest to LeC3 colonies (bottom of B) did not 
germinate while those further away germinated normally. 
Increasing 
spore 
distance 
Germinated/ 
Growing 
  B 
Non-germinated 
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Table 4: Mean %Absorbance λ=590 and %germination for MTT assay (C. sojina). Different 
letters denote treatment differences, which were separated using SNK’s test at α =.05. 
Treatment %Cs absorbance ± SE %Germination ± SE 
Cercospora sojina conidia only 100.00a ± 4.65 93.2a ± 2.53 
C. sojina + .5x supernatant 51.88b ± 4.80 0 
C. sojina + 1x supernatant 56.78b ± 3.26 0 
1x Supernatant only 14.07c ± 4.89 - 
PBS buffer -2.20d ± 3.00 - 
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Figure 5: Effect of LeC3 supernatant treatment on C. sojina conidia. Conidia of C. sojina 
(A, B) and F. virguliforme (C, D) were treated with LeC3 cell-free supernatant and incubated for 
24 hours at 18°C with 220 rpm shaking. Conidia treated with H2O control (A, C) germinated 
normally while those treated with LeC3 supernatant (B, D) germinated at significantly lower 
rates with abnormal morphologies and degraded cell walls. Additionally, H2O and supernatant-
treated conidia were mixed with tetrazolium MTT reagent, which live cells metabolized to blue 
formazan precipitate, detected by measuring OD at λ=590. Absorbance values were expressed as 
%Conidia with H2O absorbance, which was absorbance of H2O-treated conidia divided by 
absorbance of treated conidia to standardize multiple trials’ results. Supernatant-treated cells 
showed significantly lower %absorbance (Table 4) than H2O-treated cells.  
  
 
  
  
  B C D 
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Table 5: Effect of LeC3 supernatant on fungal cell viability and germination  
 
Treatment 
%Absorbance 
Fv only  
(viability) 
%Germination 
Fusarium virguliforme conidia only 100.00a ± 4.87 93.3%a ± 2.42 
F. virguliforme + 0.5x supernatant 108.65a ± 13.65 95.33%a ± 2.32 
F. virguliforme + 1x supernatant 67.00b ± 2.17 67.33%b ± 2.31 
1x Supernatant only 12.00c ± 4.31 - 
PBS buffer 0.00d ± 2.63 - 
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Figure 6: Effect of LeC3 treatment on germination of F. virguliforme conidia. LeC3 
concentrations were mixed with F. virguliforme conidia overnight in a 25°C shaking incubator at 
200 rpm, and spread onto ¼-strength PDA plates for an overnight incubation at room 
temperature. Untreated conidia (A) germinated normally while conidia treated with LeC3 
suspension at 1 x 107 CFU/mL germinated, but began to degrade, showing fragmented and 
thinned spores, 24 hours after spotting onto ¼-strength PDA.  
 
 
 
  
  B 
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Table 6: Effect of LeC3 supernatant on spore germination  
 
Treatment Mean %Germination 
F. virguliforme + H2O 84.27b ± 2.06 
F. virguliforme + 1 x 106 CFU/mL LeC3 90.58a ± .73 
F. virguliforme + 1 x 107 CFU/mL LeC3 83.96b ± 1.71 
F. virguliforme + 1x 108 CFU/mL LeC3 0b 
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Figure 7: Effect of LeC3 on F. virguliforme conidial morphology. LeC3 concentrations were 
mixed with F. virguliforme conidia overnight in a 25°C shaking incubator at 200 rpm and 
examined for morphologic differences 24, 48, and 72 hours later. Untreated conidia (A) 
germinated normally. After treatment of LeC3 suspension at 1 x 108 CFU/mL at 24h, LeC3 was 
localized around hyphal structures, which showed signs of degradation over 24-72 hrs (B). LeC3 
also inhibited germination of conidia and caused pitting of walls and release of cell contents (C, 
D).  
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B 
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CHAPTER 3 
 
EVALUATION OF BIOLOGICAL CONTROL OF LYSOBACTER ENZYMOGENES C3 
ON SOYBEAN HOSTS AGAINST  
ROOT, STEM, AND FOLIAR FUNGAL AND OOMYCETE PATHOGENS 
 
ABSTRACT 
Soybean fungal diseases cause costly yield reductions that may require newer management 
methods to supplement conventional control. In the previous chapter, Lysobacter enzymogenes 
C3 (LeC3) was shown to exert a wide variety of antifungal activities against a taxonomically-
diverse set of eight soybean fungal pathogens. In this chapter, its biological control efficacy was 
shown on the soybean host against the following: root pathogens: Fusarium virguliforme, 
causative agent of sudden death syndrome; and Phytophthora sojae, Pythium sylvaticum, and 
Rhizoctonia solani, which cause seedling blight, root rot, and damping off diseases; stem 
pathogen: S. sclerotiorum, causative agent of white mold; and foliar pathogen: C. sojina, 
causative agent of frogeye leaf spot, pathogens. First, a simple test tube assay showed LeC3 seed 
treatment efficacy maintained plant mass by 11% more than H2O control against F. virguliforme; 
21% against P. sojae; 24% against P. sylvaticum; and 29% against R. solani.  Spray treatment of 
soybean plants using 1 x 106, 1 x 107, and 1 x 108 CFU/mL LeC3 in a detached leaf assay also 
reduced lesion spread from S. sclerotiorum, by: 24%, 38%, and 86%, respectively; and using 1 x 
107 and 1 x 108 CFU/mL LeC3 against C. sojina, causative agent of frogeye leaf spot, by 82% 
and 92% respectively. In greenhouse conditions, LeC3 seed treatment and soil drench against: F. 
virguliforme maintained seedling mass by 12% and 23%, respectively; and against R. solani, by 
16% and 27%, respectively. Spray treatment of 1 x 106, 1 x 107, and 1 x 108 CFU/mL LeC3 on 
soybean plants against S. sclerotiorum increased seedling survival by 15%, 23%, and 27%, 
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respectively, though nonsignificantly (α = 0.05); and 1 x 107, 1 x 108, and 1 x 109 CFU/mL LeC3 
against C. sojina decreased frogeye lesion percentage by 9%, 16%, and 21%, respectively. Taken 
together, these results indicated that LeC3 is an efficacious biological control agent in both 
rhizospheric and phyllospheric infection courts against a variety of soybean pathogens. LeC3 
efficacy in the lab and greenhouse conditions will preface future experiments that investigate its 
field efficacy.   
3.1 Introduction  
 In recent years, advances in technology have enormously exploded yields via chemical 
input of fertilizers and pesticides. However, fungal and oomycete diseases still pose costly yield 
losses, despite utilization of integrated management schemes via appropriate cultural practices, 
resistant cultivars, and chemical treatments. From 1996 to 2010, for example, Phytophthora 
seedling diseases, caused by Phytophthora sojae, reduced yields by 16.3 million metric tons, 
valued between $7-8 billion (Ash, 2007; Koenning and Wrather, 2010). These yield reductions, 
the contributions by several prominent fungi including Cercospora sojina, causative agent of 
frogeye leaf spot; Fusarium virguliforme, causative agent of sudden death syndrome; Pythium 
sylvaticum, causative agent of root rot and damping off; Rhizoctonia solani, causative agent of 
Rhizoctonia stem rot and damping off; and Sclerotinia sclerotiorum, causative agent of 
Sclerotinia stem rot, threaten food and economic security. Indeed, new management techniques 
should be investigated to supplement fungicide application, good cultural practices, and use of 
resistant cultivars to provide more complete and environmentally-friendly control. This includes 
the use of biological control agents (BCAs), defined as “purposeful utilization of introduced or 
resident living organisms, other than disease-resistant host plants, to suppress the activities and 
populations of one or more plant pathogens” (Pal and Gardener, 2006).  
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Lysobacter enzymogenes C3 (LeC3), an ubiquitous gram-negative bacterium that 
possesses high GC base pairing and gliding motility (Christensen and Cook, 1978), has shown 
promise as a BCA against gram-positive bacteria, plant-pathogenic fungi, and nematodes. Its 
antifungal activity has been proposed to stem from secreted antimicrobials like chitinases 
(Palumbo et al., 2005a), β-1,3-glucanases (Zhang and Yuen, 2000), and a heat-stable antifungal 
factor (Li et al., 2008). In addition, LeC3 has been shown elicit host resistance in tall fescue 
(Festuca arundinacea) against Bipolaris sorokiniana and Rhizoctonia solani (Kilic-Ekici and 
Yuen, 2003) but interestingly, not in wheat against Fusarium graminearum (Jochum et al., 2006).  
Originally isolated from Kentucky bluegrass (Poa pratensis L.) (Giesler and Yuen, 1998), 
LeC3 was shown to demonstrate good control efficacy against a variety of diseases in the 
phyllosphere. Earlier studies documented control of leaf spot caused by B. sorokiniana (Zhang 
and Yuen, 1999) and brown patch on tall fescue caused by R. solani Kühn (Giesler and Yuen, 
1998) via spray application of LeC3. Spray application was also found to control head blight on 
wheat caused by F. graminearum (Jochum et al., 2006) and bean rust caused by Uromyces 
appendiculatus to comparable levels via thiophanate methyl treatment with manganese 
ethylenebisdithiocarbamate (Yuen et al., 2001). Additionally, an isolate of LeC3 from Korea was 
found to demonstrate good efficacy in both greenhouse and field conditions when sprayed as a 
bioformulation with Chromobacterium strain C-61 and chitin against Alternaria blight 
(Alternaria panax) and anthracnose (Colletotrichum gloeosporoides) on gingseng plants (Kim et 
al., 2010).  
In addition to controlling phyllosphere diseases, LeC3 showed good efficacy against 
rhizosphere diseases. These included maintaining germination of sugarbeet seedlings against 
Pythium ultimum var. ultimum (Palumbo et al., 2005a) as a seed treatment and suppressing 
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summer patch disease caused by Magnaporthe poea (Kobayashi and El-Barrad, 1996) as a soil 
drench treatment. The bioformulation: LeC3, Chromobacterium strain C-61, and Serratia 
pymuthica strain C-1 with chitin, showed field efficacy as a soil drench against Phytophthora 
blight caused by P. capsici on peppers (Kim et al., 2007). In the same study, a tenfold product 
dilution showed continued efficacy when utilized with solarization and rotation.  
Given the success of LeC3 as a foliar and soil biological control agent on various hosts 
against pathogenic fungi and oomycetes in previous studies alongside the previous chapter’s 
observation that LeC3 antagonizes a broad spectrum of soybean fungal pathogens in vitro, we 
wished to evaluate biological control efficacy of LeC3 in lab and greenhouse conditions. We first 
applied LeC3 as a seed treatment in a test tube assay against the root pathogens: Fusarium 
virguliforme, Phytophthora sojae, Pythium sylvaticum, and Rhizoctonia solani; and as a spray 
treatment in a detached leaf assay against the stem pathogen S. sclerotiorum and foliar pathogen 
C. sojina. We next evaluated biocontrol efficacy in greenhouse conditions by applying LeC3 as a 
seed and soil drench treatment against the root pathogens: R. solani and F. virguliforme; and as a 
spray treatment against S. sclerotiorum and C. sojina. Establishment of successful biological 
control would provide basis to evaluate LeC3 efficacy in field conditions.  
3.2 Materials and Methods 
Storage and growth of bacterial strains 
A rifampicin-resistant L. enzymogenes strain C3 (obtained from Dr. Gary Yuen, 
University of Nebraska, Lincoln, NE) was generated by plating onto 10% tryptic soy agar 
amended with rifampicin at 100 mg/L and cyclohexamide at 100 mg/L (TSARC) and isolating 
resistant colonies. Colonies were scraped into 2.0 mL cryotubes containing 1 mL 10% glycerol 
and stored at -80°C. Unless specified otherwise, bacterial treatments were prepared by scoring 
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the surface of LeC3 stock suspension with a 200 µL pipet tip, streaking the surface of TSARC 
plates with lytic enzyme-inducing yeast (5 g/L), and incubating for 3 days at 28°C. Bacterial 
colonies were suspended in H2O and adjusted to appropriate concentrations at OD600 (Optical 
Density at λ=600). 
Preparation of LeC3 seed treatment  
Soybean seeds (PS-36) were added in an equal seed number to bacterial suspension 
volume ratio and placed in an 18°C incubator overnight with 220 rpm shaking. Incubation in 
equal volumes of H2O served as a negative control.  
3.2.1 Test tube assay 
Effect of bacterial seed treatment on soybeans grown with and without pathogens 
Growth media was prepared the same day by adding 25 mL water agar (0.8%) into test 
tubes (25 x150 mm) and placing a 7 mm-diameter plug of 4-5 day-old fungal culture onto the 
solidified water agar surface and allowing growth overnight. Four soil pathogens were tested: 
Fusarium virguliforme (13Fv165, Bradley Lab, University of Illinois), Phytophthora sojae 
(11IL.004.04b, Bradley Lab, University of Illinois), Pythium sylvaticum (11Py356, Bradley Lab, 
University of Illinois), and Rhizoctonia solani (BF09476, Bradley Lab, University of Illinois). 
Water agar (25 mL) was then added to completely encase fungal plugs. Bacteria-treated 
and H2O -treated seeds were prepared and placed onto the solidified agar in a split-block design, 
moistened with H2O spray, and covered with plastic wrap to facilitate radicle germination. The 
experimental setup was maintained at room temperature under constant fluorescent lighting.  
After 4 weeks’ growth, plants were weighed. Results were reported as percent mass of 
seedlings grown without pathogen in order to standardize measurements across multiple trials. 
This was calculated by dividing plant mass of treatments by the average plant mass of H2O-
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treated without pathogen. In addition, a separate experiment was conducted to ensure that mass 
differences arose from disease only and not from plant growth promoting or reducing effect by 
LeC3 treatment. This was done by growing different concentrations of LeC3 seed treatments 
without disease pressure and comparing plant masses. Seedlings grown with or without LeC3 
seed treatment did not differ in mass (p = 0.347), indicating that indeed, differences in plant mass 
mainly arose from disease.   
Unless noted, the average of three trials are reported. The first trial included 20 replicates 
of three bacterial concentrations: 1 x 106 CFU/mL, 1 x 107 CFU/mL, and 1 x 108 grown in 100 
mL tryptic soy broth (TSB), with TSB and H2O serving as negative controls. The best-
performing concentration was then selected for subsequent trials. Trials two and three included 
24 replicates of 1 x 107 CFU/mL bacteria treatment with H2O serving as negative control. A 1 x 
106 CFU/mL seed treatment was used against F. virguliforme only.  
Measuring bacterial colonization after LeC3 seed treatment      
Bacterial colonization on seed surfaces immediately (0 Days Post-Inoculation, or DPI) 
after LeC3 seed treatment was quantified by vortexing weighed seeds in H2O, serial-diluting, and 
spot-pipetting 20 µL of each dilution onto TSA amended with rifampicin and cycloheximide 
(TSARC) (Kobayashi and El-Barrad, 1996). After one week’s growth at room temperature, 
colonies were counted and number of colony-forming units (CFU)/g was calculated.  
Additional time points were selected to chart LeC3 populations on seeds as they grew 
into seedlings. For all fungi-infested seedlings, 0 DPI (immediately after LeC3 seed treatment) 
and 26 DPI (when seedlings were harvested and weighed) were selected as time points; for 
seedlings grown without pathogen presence, 10 DPI and 18 DPI were selected as time points. To 
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assess one-week and final bacterial populations, roots were excised from below the hypocotyl, 
ground, and dilution-plated on TSARC as described above.  
3.2.2 Seed treatment and soil drench assays in greenhouse conditions 
Preparation of fungal inoculum 
Next, LeC3 treatment efficacy against rhizospheric fungal pathogens in greenhouse 
conditions was evaluated. First, fungal inocula was prepared. Ten 5-mm discs from hyphal tips of 
5-day-old R. solani and F. virguliforme (same isolates as above) were placed separately into 2-L 
flasks containing 500 mL twice-autoclaved sorghum seeds. Flasks were kept unsealed in the dark 
for three weeks with shaking every week to evenly distribute fungal growth. After three weeks, 
seeds were poured onto autoclaved trays and placed under a laminar flow hood with continuous 
blowing to dry seeds. Three days later, seeds were placed into sealed plastic bags and stored at 
4°C.  
Pathogenicity determination of fungal inoculum  
To determine quantity of fungi to assay, one sorghum seed infested by R. solani or F. 
virguliforme was assigned the quantity 1 propagule unit. 1, 5, 10, and 20 propagule units were 
placed approximately 5 cm below the soil surface in 3.8 x 21.0 cm ConetainersTM filled with 
approximately 2.5 cm LC1® Sunshine mix Sunshine Mix 1 (Sun Gro Horticulture Inc., 
Bellevue, WA) as the bottom layer to block ConetainerTM holes and filled up to 2.5 cm below 
ConetainerTM tops with a 2:1 sand:soil mixture. Soybean seeds (PS-36) were buried 1 cm below 
soil surface and watered daily in a greenhouse chamber set to 21°C with a 14-hr photoperiod and 
high-pressure sodium lighting. The minimum quantity of fungi causing reduced growth after 4 
weeks was selected as the pathogenic dose.   
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Effect of LeC3 seed treatment against R. solani and F. virguliforme  
After determining the quantity of fungi to assay, the effects of LeC3 seed treatment and 
soil drench treatments were evaluated against the soil pathogens Fusarium virguliforme and 
Rhizoctonia solani. Seeds were treated with 1 x 107 CFU/mL (to be assayed against R. solani) 
and 1 x 106 CFU/mL (to be assayed against F. virguliforme) as described above. Water served as 
the negative control. Seeds were buried 1 cm below soil infested about 5 cm below the surface 
with 20 propagules of each pathogen. Forty-six days later (49 days for seedlings grown in R. 
solani), seedlings were extricated, washed, and weighed. Each trial contained 15 or more 
replicates and each trial was repeated twice.  
Effect of soil drench treatment of LeC3 against R. solani and F. virguliforme  
LeC3 soil drench treatments were then assayed against R. solani and F. virguliforme. 
LeC3 concentrations of 1 x 107 CFU/mL (to be assayed against R. solani) and 1 x 106 CFU/mL 
(to be assayed against F. virguliforme) were prepared and poured onto soybean seeds sown 
directly in soil infested with pathogen. Approximately two months later, seedlings were 
extricated, washed, and weighed. Two soil pathogens: R. solani and F. virguliforme were tested. 
Each trial contained 15 or more replicates and each trial was repeated twice.  
Measuring bacterial colonization after LeC3 seed treatment  
 To assess colonization of LeC3 on seedlings in greenhouse conditions, LeC3 populations 
were measured on seed surfaces immediately (0 DPI) after LeC3 seed treatment and 47 days 
after. To enumerate LeC3 populations on seedlings, roots were cut from the hypocotyl, 
macerated, and subject to dilution plating on TSARC. For LeC3 soil drench treatment in soil 
infested with F. virguliforme, 2 DPI, 10 DPI, and 46 DPI were selected as time points; for R. 
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solani, 49 DPI was selected; and for no pathogen, 46 DPI was selected.  Populations were 
quantified similarly to the procedure described in the test tube assay above.  
3.2.3 Spray application of LeC3 on detached leaves 
In addition to measuring the treatment effects of LeC3 seed and soil drench treatments 
against rhizospheric pathogens, the treatment effects of LeC3 spray treatments against 
phyllospheric pathogens were also examined. First, LeC3 spray treatment effect was tested on 
detached leaves in an isolated petri dish environment. Unifoliate leaves from three-week old 
soybean seedlings grown in the greenhouse were removed, surface-sterilized using 70% ethanol 
three times, washed with sterile distilled water, and placed adaxial side up onto petri plates 
containing 0.8% water agar.  
Bacterial concentrations of 1 x 107 CFU/mL, 1 x 108 CFU/mL, 1 x 109 CFU/mL, and 
water control treatment were prepared and sprayed onto both sides of leaf (approximately 2 mL 
per leaf side).  
After allowing sufficient time to dry under a laminar flow hood, leaves were either 
inoculated with a 5 mm agar disc of 2-week old S. sclerotiorum (BF0936, Bradley Lab, 
University of Illinois) placed on the adaxial side or 1 x 105 CFU/mL of C. sojina conidia in H2O 
(CS10187, Bradley Lab, University of Illinois) sprayed onto both sides of leaf. Plates were 
placed into an incubator at 25°C for one week to allow lesion development. 
For S. sclerotiorum, disease was measured as radii of lesions and for C. sojina, as percent 
leaf covered with lesions. Both assays included three to five replicates per treatment and were 
repeated twice.  
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3.2.4 Spray application of LeC3  in greenhouse conditions 
Effect of LeC3 spray treatment against S. sclerotiorum using the cut petiole assay 
After LeC3 spray treatment efficacy was determined in the detached leaf assay, LeC3 
spray treatment efficacy was determined in greenhouse conditions on live soybean plants against 
S. sclerotiorum. Bacterial concentrations of 1 x 106 CFU/mL, 1 x 107 CFU/mL, 1 x 108 CFU/mL, 
and water control treatment were prepared and sprayed until runoff onto cut stems of 
approximately 3-4 week old soybean plants with first trifoliate leaves removed, leaving ample 
stem length between stub and unifoliate leaves.  
After 24 hours, a 20-200 µl yellow pipette tip was placed large-side down onto two-week 
old S. sclerotiorum grown on PDA and pressed into the mycelia. The loaded tip containing a disc 
of S. sclerotiorum mycelia was then placed onto the exposed cut stem.  
After one week, the number of dead/dying plants with wilted unifoliate leaves and 
infected stems was compared with the number of healthy, unaffected plants for each treatment. 
The experiment was conducted as an RCBD with three blocks of 6-8 soybean seedlings per 
treatment. Trials were repeated three times.  
Effect of LeC3 spray treatment against C. sojina  
LeC3 spray treatment efficacy was then evaluated against C. sojina on live soybean 
plants in greenhouse conditions. Bacterial concentrations of 1 x 107 CFU/mL, 1 x 108 CFU/mL, 
1 x 109 CFU/mL, and water control treatment were prepared and sprayed until runoff onto 
approximately 3-4 week old soybean plants with first trifoliate leaves mostly extended. After 
allowing sufficient time to dry, a 1 x 105 CFU/mL C. sojina conidial suspension was sprayed 
onto leaves until runoff. Plastic bags were placed over plants to promote a high moisture 
environment conducive to disease development.  
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Two weeks later, upper trifoliate leaves were examined and the percentage of leaves 
covered with frogeye leaf spot was recorded. The experiment was conducted as an RCBD with 
three pots of ten soybean seedlings serving as three blocks per treatment. Trials were repeated 
twice.  
3.2.5 Statistical analysis 
Each experiment was repeated two to three times, checked for homogeneity of variances, 
(Brown Forsythe-Levene’s test) and the results were averaged.  
Differences between two-treatment trials were separated using Wilcoxon’s Ranked Sums 
for two-sample datasets in R version 3.1.0 (The R Foundation for Statistical Computing). 
Differences between multiple-treatment trials were separated using Student-Newman-Keul’s test 
in the agricolae 1.1-8 package (F de Mendiburu) at α = 0.05.  
3.3 Results 
 
3.3.1 Seed treatment in test tube assay 
Effect of seed treatment of LeC3 on soybean mass  
The effect of seed treatment of LeC3 on soybeans grown in water agar was first assessed. 
After four weeks of growth in infested water agar, soybean seedling treated with LeC3 had 
significantly greater plant mass (all p < .05) than that of H2O control: 59.7% to 48.8% (p = .015) 
for F. virguliforme; 73.6% to 52.9% (p = .004) for P. sojae; 70.1% to 54.9% (p = .0082) for P. 
sylvaticum; and 56.7% to 27.8% (p = 7.1 x 10-9) for R. solani. Throughout, H2O-treated seeds 
exhibited markedly reduced plant mases, wilted leaves, and diseased roots compared to those of 
bacterial-treated seeds (Figure 8, Table 7).  
Plant growth-promoting or reducing effects of bacterial seed treatments were not 
observed (p = 0.347) in plant mass between the various treatments (Figure 9, Table 7).  
72 
 
Colonization of soybean seedlings grown in test tube  
 In the same experiment, LeC3 colonization of seedlings after seed treatments was 
assessed. Immediately following LeC3 seed treatment, seeds were rinsed, serial-diluted, and 
evaluated for LeC3 colonization. The quantities ranged from 4.30 log10(CFU/g) to 5.33 
log10(CFU/g) before planting into agar infested with P. sylvaticum, R. solani, P. sojae, or without 
pathogen. After 26 days, seedlings were taken up and roots excised, macerated, and subject to 
serial dilution on TSARC and bacterial colony counting. LeC3 quantities were: 8.45 
log10(CFU/g) on seedlings grown in P. sylvaticum; 8.18 log10(CFU/g) on seedlings grown in R. 
solani; and 8.09 on seedlings grown in P. sojae. For LeC3-treated seed grown without pathogen, 
bacterial populations increased from 4.3 log10(CFU/g) at 0 DPI to 7.43 log10(CFU/g) after 10 
days; and to 6.64 log10(CFU/g) after 18 days (Table 8).  
 3.3.2 Seed treatment in greenhouse assay 
Effect of seed and soil drench treatment against sudden death syndrome and Rhizoctonia 
root rot 
After LeC3 seed treatment was evaluated in the test tube assay, LeC3 seed and soil 
drench treatments were then evaluated in greenhouse conditions.  
Against F. virguliforme, LeC3 seed treatments showed significantly greater plant mass 
than H2O treatments: 77.9% of control plant mass for 1 x 106 CFU/mL LeC3 seed treatment  
compared to 55.8% for H2O seed treatment (p = .04). LeC3 soil drench treatments also showed 
significantly greater plant mass: 90.5% of control plant mass for 1 x 106 CFU/mL LeC3 soil 
drench treatment compared to 67.4% for H2O soil drench treatment (p = .001) (Table 9). 
Percentage of germination of LeC3 treatments and H2O treatments did not differ significantly (α 
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= .05). Bacterial treatments showed less interveinal leaf chlorosis, stunting of growth, and 
defoliation than that of H2O treatments (Figure 10).  
Against R. solani, LeC3 seed treatments showed significantly greater plant mass than 
H2O treatments: 88.4% of control plant mass for 1 x 107 CFU/mL LeC3 seed treatment 
compared to 72.1% for H2O seed treatment (p = 1.2 x 10-3). LeC3 soil drench treatments also 
showed significantly greater plant mass: 92.9% of control plant mass for 1 x 107 CFU/mL LeC3 
soil drench treatment compared to 65.6% for H2O soil drench treatment (p = 5.8 x 10-5) (Table 
9). Percentage of germination of LeC3 treatments and H2O treatments did not differ significantly 
(α = .05). Percentage of germination of LeC3 treatments were slightly higher in bacterial 
treatments compared to that of H2O treatments, but these did not differ statistically. In all, 
bacterial treatments showed less stunting of growth and wilted plants than that of H2O 
treatments. Brownish-reddish lesions, symptomatic of Rhizoctonia root rot, were present on both 
LeC3 and H2O-treated soybean roots.  
LeC3 seed and soil drench treatments were also assayed against no pathogen to determine 
if treatments caused differences in plant mass. Differences were generally not observed, except 
for slight differences in plant mass between 1 x 106 seed treatment (124.5%) compared to 1 x 107 
seed treatment (80.95%) (p < .05) with small sample sizes for both (n = 5). Both 1 x 106 seed and 
soil drench treatment were not different from H2O treatment (α = .05). Differences in plant mass 
were not observed between any of the soil drench treatments.  
Colonization of soybean seedlings by LeC3   
 Population of LeC3 generally maintained between 5.62 log10(CFU/g) and 7.14 
log10(CFU/g) for seed and soil drench-treated soybean seedlings at 47 days after planting (Table 
10, 11).  
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3.3.3 Effect of LeC3 spray treatment  
Detached leaf assay with S. sclerotiorum 
 After determining the effect of LeC3 seed and soil drench treatment against rhizospheric 
pathogens, the effect of LeC3 spray treatment was then determined. This was conducted via the 
detached leaf assay in petri plates. LeC3 spay treatment reduced the lesion radius on detached 
leaves at all concentrations (p = 1.36 x 10-8) (Figure 11, Table 12). At 1 x 107, 1 x 108, and 1 x 
109 CFU/mL, spray treatment of LeC3 reduced lesion radii to 2.05, 1.6, and .39 cm, respectively, 
compared to the 2.7 cm lesion radius of H2O spray treatment (p = 1.36 x 10-8).  
Detached leaf assay with C. sojina 
 Spray treatment of LeC3 at 1 x 107 and 1 x 108 CFU/mL showed significantly reduced 
percentage of frogeye leaf lesions (17.5% and 7.5%, respectively) than that of H2O spray 
treatment (100%) (p = 6.7 x 10-4). Leaves sprayed with H2O were entirely brown, while leaves 
sprayed with LeC3 were green, healthy-looking, and had sprouted roots (Figure 13, Table 14).  
S. sclerotiorum cut petiole assay  
 After LeC3 spray treatment showed efficacy in the detached leaf assay against both S. 
sclerotiorum and C. sojina, LeC3 spray treatment in greenhouse conditions was evaluated.  
Against S. sclerotiorum in the cut petiole assay, spray treatment of LeC3 reduced the 
percentage of wilted or dead soybean seedlings (Figure 12, Table 13). H2O spray treatment 
showed the highest percentage of dead plants, 69.5%; followed by 1 x 106 CFU/mL, 54.3%; 1 x 
107 CFU/mL, 46.2%; and 1 x 108 CFU/mL, 42.4%. However, analysis using SNK’s test to 
differentiate treatment means for three trials did not yield statistical differences (α = .05).  
 
 
75 
 
C. sojina greenhouse assay 
 Against C. sojina, LeC3spray treatment of 1 x 107, 1 x 108, and 1 x 109 CFU/mL showed 
significantly less disease severity of frogeye leaf spot: 16.0%, 9.6%, and 4.9%, respectively, 
compared to H2O spray treatment, 25.6% (p = 7.76 x 10-5) (Figure 14, Table 15).  
3.4 Discussion 
 We have shown that LeC3 antagonized numerous fungi and oomycetes via inhibition of 
growth and degradation of cell walls. Numerous studies have described its biological control 
abilities on various host plants, including on tall fescue (Giesler and Yuen, 1998), wheat (Jochum 
et al., 2006), and common bean (Yuen et al., 2001) as a foliar application; and on sugar beet 
(Palumbo et al., 2005b), turfgrass (Kobayashi and El-Barrad, 1996), and peppers (Kim et al., 
2007) as a seed or soil drench application. In this study, biological control efficacy of LeC3 on 
soybean as a seed and soil drench treatment against rhizospheric diseases; and foliar treatment 
against phyllospheric diseases was evaluated. In controlled lab and greenhouse settings, LeC3 
treatments showed better maintenance of plant mass when challenged by disease compared to 
H2O control. In addition, seed and soil drench treatments by LeC3 showed increased population 
of LeC3 over the duration of experiments, suggesting that sustained LeC3 presence may provide 
long-term protective effects.  
Biological control efficacy of LeC3 in the rhizosphere 
In a test tube assay, LeC3 provided control against plant mass reductions as a seed 
treatment against F. virguliforme, P. sojae, P. sylvaticum, and R. solani. Effects of LeC3 
treatment were found to be significant (p ≤ .015) as compared to H2O control; most likely, these 
effects resulted from LeC3’s antagonistic effects against fungi and oomycetes. 
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Furthermore, since LeC3 was found to be able to survive and abundantly colonize roots 
with increased population in the presence of all pathogens, its suppressive effect against 
pathogens could be sustained over time. Notably, LeC3 was detected at more than 5 
log10(CFU/g) on leaves 31 days post-treatment.  
The ability of LeC3 to suppress reductions in plant mass by rhizosphere diseases may be 
concentration-dependent. In preliminary tests for the test tube assay, a range of LeC3 
concentrations was applied as a seed treatment and the best-performing selected for subsequent 
trials. 1 x 107 CFU/mL was selected against P. sojae, P. sylvaticum, and R. solani; and 1 x 106 
CFU/mL LeC3 was selected against F. virguliforme. Given the lack of replication using different 
concentrations after the preliminary test, it is unclear if biocontrol efficacy depends on 
concentration.  
 As a seed or soil drench treatment, LeC3 provided control against plant mass reductions 
by sudden death syndrome and Rhizoctonia root rot in the greenhouse. Control of these diseases 
was found to be more efficacious using soil drench treatments. This likely resulted from soil 
drench treatments inundating infested soil to reduce pathogen populations. It was also found that 
soil drench treatments showed better soybean seed stand when grown in the presence of R. 
solani. This may have arisen from seed treatments undergoing overnight pre-germination in 
LeC3 or H2O in a shaking incubator, which abrased protective hulls, versus being planted 
directly as dry intact seed into soil.  
Additionally, control of R. solani by LeC3 was generally better than of F. virguliforme. 
The reason for this may lie in different pathogen growth rates and aggressiveness; interactions 
between host, pathogen, and BCA; or other complex physiological factors that deserve further 
investigation.  
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 Population of LeC3 on seedlings was determined for seed and soil drench treatments. For 
both treatments, LeC3 populations were either maintained at a similar level or increased at 47-49 
DPI. Maintenance or buildup of LeC3 on the rhizosphere was generally consistent with 
population measurements from the test tube assay, further suggesting survival-- and most likely, 
long-term disease suppression.   
 Lastly, this set of rhizospheric experiments did not account for abiotic factors, which may 
critically determine optimum biological control by ensuring LeC3 survival and allowing an 
environment that maximizes antifungal potential. Previous research had showed that higher 
clay:sand content, neutral pH, and higher C/N ratio correlated with higher Lysobacter 
populations (Postma et al., 2011). The soil used in the greenhouse assay contained a 2:1 sand:soil 
mix, possibly dampening LeC3 biological control efficacy. Future studies may utilize LeC3-
promoting clay soils.  
Biological control efficacy of LeC3 in the phyllosphere 
Spray treatment by LeC3 reduced leaf lesion by S. sclerotiorum and C. sojina in the 
detached leaf assay in a LeC3-concentration dependent manner. At 1 x 109 CFU/mL, virtually all 
lesion spread was terminated. This concentration, however, was not tested against C. sojina in 
the detached leaf assay, where 1 x 108 CFU/mL adequately suppressed leaf lesion development.  
 In greenhouse conditions, spray treatment by LeC3 decreased incidence of plants killed 
by Sclerotinia stem rot. Statistical differences, however, between LeC3 and H2O treatments were 
found to be non-significant. This may have been due to inadequate of LeC3; at 1 x 109 CFU/mL 
spray treatment of LeC3, which substantially reduced lesion spread in the detached leaf 
experiment, was not included in the greenhouse assay. Additionally, the method of pathogen 
inoculation involved direct contact between the pathogen and the host endophytic interface, 
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removing normal defense barriers between pathogen and host. This may have facilitated an 
unnatural infection court and unreliable measurement of Sclerotinia stem rot and biological 
control by LeC3. Future experiments should use a S. sclerotiorum spray inoculation, which better 
preserves a more natural infection court (Chen and Wang, 2005). Last, percentages from only 
three trials were averaged to compare treatment differences; thus, sample size (n = 3 with three 
subreplicates for each treatment per trial) may not have been large enough to successfully resolve 
treatment differences.  
 Higher concentrations of LeC3 for spray treatment increased suppression of frogeye leaf 
spot in the greenhouse, which are consistent with results from the detached leaf assay. Taken 
together, higher concentration of LeC3 application showed better efficacy against leaf spot 
disease. 
Survival of LeC3 in the phyllosphere and endophytically has been examined on bean, 
Swiss chard, cabbage, and tall fescue (Li, 2014), but this study did not investigate LeC3’s ability 
to survive or endophytically colonize as a spray application on the soybean phyllosphere. Future 
work should investigate this phenomenon, since endophytic colonization may shield LeC3 from 
harsh conditions on the leaf surface and prolong its colonization and biological control on hosts.  
Taken together, our results were the first to document that LeC3 could be a potential 
biological control agent against soybean fungal pathogens on soybean hosts. Originally isolated 
from the phyllosphere of Kentucky bluegrass, LeC3 showed biocontrol activity against 
phyllospheric diseases like frogeye leaf spot and Sclerotinia stem rot as well as against 
rhizospheric diseases– which are notoriously difficult to control. This basic but necessary study 
well positions LeC3 for more complex investigations that optimize biological control efficacy, 
elucidate its molecular interplay with pathogen and hosts, and preface field experimentation.   
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3.5 Figures and Tables 
Figure 8: Effect of seed treatment of LeC3 against soil-borne pathogens. Four-week old 
seedlings grown in agar amended with Fusarium virguliforme (A), Phytophthora sojae (B), 
Pythium sylvaticum (C), and Rhizoctonia solani (D), were weighed and expressed as % plant 
mass of H2O-treated seedlings grown without pathogen. Plants grown from seeds that had been 
treated with  LeC3 suspension (right side of each panel) at 1 x 106 CFU/mL or 1 x 107 CFU/mL 
showed less wilting, root lesion, and reductions in plant mass than those of seed treated with 
water (left side).  
B 
  B 
C D 
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Figure 9: Effect of seed treatment of LeC3 at different levels on soybean seedlings. To 
explain the results in Fig. 1 and Table 1 that LeC3 exerts a suppressive effect against pathogen 
instead of simply increasing plant mass, all seed treatments were grown without pathogen 
pressure, weighed, and compared for differences in plant mass. Treatments: H2O (A), tryptic soy 
broth (10%) (B), 1 x 106 CFU/mL LeC3 (C), 1 x 107 CFU/mL LeC3 (D), and 1 x 108 CFU/mL 
LeC3 (E), all did not show differences in plant health, vigor, and mass compared to H2O seed 
treatment with water (A).  
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Table 7: Percentage of plant mass of seed treatment with LeC3. Two-treatment means 
differentiated by Wilcoxon’s signed rank test. LeC3 treatment effect from ANOVA. 
Fungi Treatments 
%Mass 
Control ± SE  
LeC3 treatment 
effect (p-value) 
F. virguliforme H2O 48.76b ± 2.97 0.01545 
  1 x 106 CFU/mL LeC3 59.70b ± 4.05    
P. sojae H2O 52.85b ± 4.42  0.004 
  1 x 107 CFU/mL LeC3 73.60a ± 6.04    
P. sylvaticum H2O 54.90b ± 4.15 0.0082 
  1 x 107 CFU/mL LeC3 70.10a ± 3.48   
R. solani H2O 27.80b ± 3.95  7.10 x 10-10 
  1 x 107 CFU/mL LeC3 56.71a ± 2.86    
No pathogen H2O 100.00a ± 4.14  0.347 
  1 x 106 CFU/mL LeC3 108.03a ± 6.98    
  1 x 107 CFU/mL LeC3 112.66a ± 5.04    
  1 x 108 CFU/mL LeC3 104.14a ± 6.78    
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Table 8: Population of LeC3 (CFU/g plant mass) over time after LeC3 seed treatment in test tube assay. 
 
Seed 
Treatment   
0 DPI (days post-
inoculation) 10 DPI 18 DPI 26 DPI 
Pathogen 
log(CFU) of 
LeC3  average log(CFU/g) ± SE 
average 
log(CFU/g) ± SE 
average 
log(CFU/g) ± SE 
average 
log(CFU/g) ± SE 
P. sojae 7 5.33 ± 0.22     8.09 ± 0.23 
P. sylvaticum 7 5.18 ± 0.26     8.45 ± 0.07 
R. solani 7 4.30 ± 0.19     8.19 ± 0.1 
No pathogen 7 4.30 ± 0.19 7.43 ± 0.03 6.64 ± 0.22 n/a 
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Figure 10: Effect of LeC3 seed and soil drench treatments on Fusarium virguliforme (top) and Rhizoctonia solani (bottom). Soil 
was infested by placing 20 propagules of F. virguliforme (A, B) or R. solani (C, D)-colonized sorghum grains into a 2:1 sand:soil 
mixture in Conetainers®. Soybean seeds were seed-treated by soaking overnight in an LeC3 suspension (right side of each set) or H2O 
(left side) and planted directly into infested soil (B, D). Soybean seeds received a soil drench by planting soybeans into infested soil 
and pouring 25 mL of LeC3 (right) suspension or H2O (left) onto soybeans (A, C). After forty-seven days, the plants were carefully 
weighed. Seedlings from seeds treated with LeC3 and soil drench showed fewer disease symptoms, reduced mortality, and 
maintenance of plant mass as compared to H2O control. The experiment was repeated twice, each trial containing >25 replicates. 
Results were pooled, analyzed as a CRD, and subject to Wilcoxon’s Ranked Sum test at α = 0.05 to differentiate means. 
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Table 9: Percentage of plant mass of seed treatment of LeC3. Two-treatment means differentiated by Wilcoxon’s signed rank 
test. Multiple-treatment means differentiated by SNK’s test at α = .05. LeC3 treatment effect from ANOVA. 
 
 
  
Fungi Treatment 
Average %Mass 
Control ± SE  
LeC3 treatment 
effect (p-value) 
%Germinated Standard 
error 
F. virguliforme H2O seed treatment 55.8b ± 6.6  .037 74.3a  ± 14.3 14.3 
  
1 x 106 CFU/mL LeC3 seed 
treatment 77.9a ± 6.9  
81.4a ± 5.0  5.0 
 H2O soil drench 67.4b ± 4.1 .001 88.6a ± 2.9  2.9 
  1 x 106 CFU/mL LeC3 soil drench 90.5a ± 5.2    88.6a ± 5.7  5.7 
R. solani H2O seed treatment 72.1b ± 3.7 1.2 x 10-3 45.7a ± 11.4  11.4 
  
1 x 107 CFU/mL LeC3 seed 
treatment 88.4a ± 3.2     
61.4a ± 15.7  15.7 
  H2O soil drench 65.6b ± 4.6  5.8 x 10-5 75.7a ± 7.1  7.1 
  1 x 107 CFU/mL LeC3 soil drench 92.9a ± 5.3    87.1a ±1.4  1.4 
No pathogen H2O seed treatment 100ab ± 6.5   100  0 
  
1 x 106 CFU/mL LeC3 seed 
treatment 124.5a ± 5.0   
100  0 
  
1 x 107 CFU/mL LeC3 seed 
treatment 81.0b ± 5.7   
100  0 
 H2O soil drench 100a ± 4.6   100  0 
 1 x 106 CFU/mL LeC3 soil drench 98.9a ± 11.0   100  0 
 1 x 107 CFU/mL LeC3 soil drench 98.9a ± 3.4   100  0 
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Table 10: Population of LeC3 over time. 
  
 
Table 11: Population of LeC3 over time. 
 
 
 
 
LeC3 soil drench treatment  2DPI 10DPI 46DPI 49DPI 
Pathogen log( CFU/g ) of LeC3  
Average 
log(CFU/g) ± SE 
Average 
log(CFU/g) ± SE 
Average 
log(CFU/g) ± SE 
Average 
log(CFU/g) ± SE 
F. virguliforme 7 6.10 ± 0.24 7.14 ± 0.07 6.71 ± 0.17   
R. solani 7 n/a n/a n/a 7.14 ± .07 
no pathogen 7 n/a n/a 6.86 ± 0.02   
LeC3 seed treatment  0 DPI (days post-inoculation) 47 DPI 
Pathogen 
log(CFU/g) of 
LeC3  Average log(CFU/g) ± SE Average log(CFU/g) ± SE 
F. virguliforme 7 4.94 ± 0.18 5.62 ± .46 
R. solani 7 6.28 ± 0.11 6.66 ± .09 
no pathogen 7 6.10 ± 0.24 5.86 ±.05 
 
 
 
86 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Effect of spray treatment of LeC3 on Sclerotinia sclerotiorum. Detached unifoliate 
soybean leaves from three-week old seedlings were surface-sterilized with 70% ethanol, rinsed 
with H2O three times, and placed adaxial side up on 0.8% water agar in petri plates. Suspensions 
of LeC3 were prepared (from left to right) to a final concentration of 0, 1 x 107, 1 x 108, 1 x 109 
CFU/mL  and approximately 2 mL were sprayed onto adaxial surfaces. An S. sclerotiorum plug 
(5 mm) was placed onto the center of leaves and plates were placed into an incubator at 25°C for 
one week. After incubation, leaves were removed and radii of lesions on leaves were recorded. 
Spray with 1 x 109 CFU/mL LeC3 suspension exhibited significantly reduced leaf lesion radii 
than that of H2O control. Trials were conducted twice. Means were separated using SNK’s test at 
α = 0.05.  
 
 
  
D C B   
 
 
 
87 
 
 
 
Table 12: Mean lesion radius of spray treatment of LeC3. Means differentiated by SNK’s 
test at α = 0.05. LeC3 treatment effect from ANOVA. 
 
  
Treatment 
Mean Lesion 
radius (cm) ± SE 
LeC3 treatment effect 
(p-value) 
H2O 2.71a ± 0.21 1.36 x 10-8 
1 x 107 CFU/mL LeC3 2.05b ± 0.22  
1 x 108 CFU/mL LeC3 1.67b ± 0.37  
1 x 109 CFU/mL LeC3 0.39c ± 0.13  
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Figure 12: Effect of spray treatment of LeC3 on Sclerotinia sclerotiorum . Three-week old 
soybeans with trifoliate leaves fully extended were cut just below the trifoliate and spray-treated 
with (from left): H2O, 1 x 107, 1 x 108, 1 x 109 CFU/mL of LeC3 suspensions. Twenty-four hours 
later, pipette tips loaded with S. sclerotiorum mycelia from a 2-week old culture were placed 
onto the cut petioles. Seven to ten days post inoculation, the number of dead plants was counted 
and divided by total plants per treatment. Each treatment included three pots and the experiment 
was performed three times. Spray treatment of LeC3 at 1 x 109 CFU/mL exhibited fewest 
percentage of dead plants as compared to H2O treatment, however, statistical analysis using 
SNK’s test to differentiate treatment means did not show significant differences at α = 0.05.  
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Table 13: Mean percentage of dead plant and effect of spray treatment of LeC3. Means 
differentiated by SNK’s test at α = 0.05. LeC3 treatment effect from ANOVA.  
 
Treatment Percent of dead plant (%) ± SE 
LeC3 Spray treatment 
effect (p-value) 
H2O 69.45 ± 5.09 0.1733 
1 x 106 CFU/mL LeC3 54.33 ± 20.24   
1 x 107 CFU/mL LeC3 46.16 ± 15.47   
1 x 108 CFU/mL LeC3 42.43 ± 10.10   
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Figure 13: Effect of spray treatment of LeC3 on Cercospora sojina. Detached unifoliate 
soybean leaves from three-week old seedlings were surface-sterilized with 70% ethanol, rinsed 
with H2O three times, and placed adaxial side up on 0.8% water agar in petri plates. Suspensions 
of LeC3 were prepared to a final concentration of 0 (A), 1 x 107 (B), 1 x 108 (C) CFU/mL, and 
approximately 2 mL were sprayed onto adaxial surfaces. Approximately 2 mL of conidial 
suspension of C. sojina (five to seven days old) at 1 x 105 CFU/mL was sprayed onto leaf 
surfaces and plates were placed into an incubator at 25°C for one week. After incubation, leaves 
were removed and percentage of leaf with lesions was recorded. Spray of LeC3 at 1 x 109 
CFU/mL showed significantly reduced leaf lesion than that of H2O control. Each treatment 
contained three replicates and trials were conducted twice. 
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Table 14: Mean percentage of leaf with lesions, standard error, and effect of spray 
treatment of LeC3. 
 
  
Treatment 
Mean percent of leaf 
lesion (%) ± SE 
LeC3 treatment effect (p-
value) 
H2O 100a ± 12.22 6.65 x 10-4 
1 x 107 CFU/mL LeC3 17.5b ± 3.27  
1 x 108 CFU/mL LeC3 7.5c ± 0.94  
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Figure 14: Effect of spray treatment of LeC3 on Cercospora sojina. Three-week old soybeans 
were spray-treated with: H2O (A), 1 x 107 (not shown), 1 x 108 (B), and 1 x 109 (C) CFU/mL 
LeC3 bacterial suspensions. A suspension of C. sojina conidia at 1 x 109 CFU/mL (five to seven 
days old) was then sprayed onto leaves. Each pot was wrapped in a plastic bag to facilitate a high 
moisture microclimate. Fourteen days post inoculation, bags were removed and percent of leaf 
covered in lesions was recorded. Leaves sprayed with higher concentrations of bacterial 
suspension showed reduced percentage of diseased lesions. Spray treatment of LeC3 at 1 x 109 
CFU/mL exhibited the lowest percentage of diseased lesions as compared to spray treatment with 
H2O. Trials contained three pots with 6-8 seedlings each and the experiment was repeated twice. 
Means were separated using SNK’s test at α = 0.05.  
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Table 15: Effect of spray treatment of LeC3 on Cercospora sojina. Means differentiated by 
SNK’s test at α = 0.05. LeC3 treatment effect from ANOVA.  
Treatment Mean Percent Leaf Lesion (%) ± SE 
LeC3 treatment effect 
(p-value) 
H2O 25.55a ± 3.72 7.76 x 10-5 
1 x 107 CFU/mL LeC3 16.04b ± 3.42  
1 x 108 CFU/mL LeC3 9.64bc ± 2.44  
1 x 109 CFU/mL LeC3 4.85c ± 1.81  
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